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The Delta of the Ebro River (Catalonia, Spain) is among the most important marsh areas in the 
Western Mediterranean Sea, highly valuable both economically and ecologically. Fluvial sediment 
reduction by dams in a relative sea-level rise (RSLR) scenario (eustatic sea-level rise + subsidence) has 
increased the delta plain flooding risk. Traditional and current agricultural practices have transformed 
large areas of marshes and lagoons into rice fields, now occupying up to 60% of the deltaic plain. 
Agricultural runoff carries substantial loads of pesticide and fertilizer to natural habitats. To reduce 
ecological impacts, several marsh restoration efforts have been initiated to improve water quality and 
increase wildlife habitat. However, previous experimental studies in the Ebro Delta and other 
Mediterranean marshes have not focused on overall ecological benefits and costs of restored marshes 
providing simultaneously vertical accretion to deal with flooding risk, carbon (C) sequestration and 
pollutant removal services. A need for more knowledge is required to optimize factors controlling these 
ecosystem services seeking to work as natural defence against flooding risk, sequestering C, as well as 
natural filters of agricultural runoff. The objective of this study was to assess the multifunctional use and 
factors controlling of vertical accretion, C accumulation and pollutant concentration reduction in 
Mediterranean oligohaline restored marshes. We conducted a 3-year experimental field study in a newly 
established restored marsh using two different freshwater input types, riverine irrigation water (IW) and 
rice field drainage water (DW) and three water levels (10, 20 and 30 cm depth). The results indicate 
overall benefits of the restored marsh providing marsh elevation, C accumulation and pollutant removal 
services. This study indicates that Mediterranean oligohaline restored marshes might buffer flooding risk 
dealing with sediment deficit and RSLR in the Ebro Delta due to high mean rates of vertical accretion 
(11.5±0.8 and 15.5±0.6 mm yr-1) and elevation change (9.1±1.4 and 8.8±2.8 mm yr-1) in both water type 
treatments (IW and DW respectively), at least during the initial phase of marsh establishment. Rice field 
drainage waters provided higher sediment concentrations to the restored marsh, which in turn promoted 
C accumulation. Two years after the establishment of the restored marsh, C accumulation rates in both 
water type treatments (99.44 and 126.10 g m-2 yr-1) showed similar values to global estimates for 
freshwater marshes, but only half of salt marshes. The restored marsh was also an efficient N-P and 
metal filters even when receiving higher nutrient concentrations from rice field drainage waters: nutrient 
concentration reduction varied for total N (50.66 ± 3.85 %), N-NO3- (96.10 ± 0.35 %), N-NH4+ (80.76 ± 
1.8 %), total P (49.96 ± 3.95 %) and P-PO43- (17.99 ± 3.92 %). Significantly higher Mn, Pb and Zn from 
drainage waters caused higher concentration reductions (47.4 ± 9.2 %, 44.1 ± 4.4 % and 23.7 ± 4.6 % 
respectively) in the DW treatment than the IW treatment. Higher Cu water concentrations from irrigation 
water increased significantly Cu concentration reduction (85.4 ± 0.5 %). Net export of As and Hg in both 
water treatments may be caused by releasing from previously stored metals in the pre-restored rice field 
soils. Plant growth affected ecosystem services in different ways. Root growth favoured marsh elevation, 
C accumulation and metal concentration reduction, especially as the weed P. distichum colonized 
rapidly and densely the restored marsh. However, higher nutrient concentrations from rice field drainage 
waters may also inhibit root growth. Root growth may also decrease nitrate concentration reduction 
ability via denitrification inhibition, but increased metal soil content via aerobic adsorption due to the 
plant ability to oxygenate their rhizosphere. This research supports that the use of rice field drainage 
waters as a primary source of nutrient and sediment as beneficial for marsh restoration projects focused 
on marsh elevation, C accumulation and pollutant removal. Higher nutrient and sediments 
concentrations enhanced these ecosystem services at least during initial stages of the restored marsh. 
The experimental marsh units receiving higher metal concentrations from rice field drainage water than 
river irrigation waters reduced metal water concentrations via soil content and accumulation. Organic 
soils and oxygen conditions enhanced by plant growth may favor soil metal content and higher sediment 
concentrations from rice field drainage waters also enhanced soil metal accumulation. 
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CHAPTER 1: INTRODUCTION 
 
Study area and nature of the problem 
 
Ecological and economic values of the Ebro Delta 
 
The Ebro Delta is one of the most important wetland areas in the western 
Mediterranean Sea extending about 330 km2 (Figure 1.1), and the second most important 
special protection area for birds (SPA) in Spain (SEO/BirdLife 1997). The Delta is irrigated by 
the Ebro River, which is the largest river in Spain (flow ca. 400 m3 s-1), flowing from the North 
of Spain to the Mediterranean Sea (ca. 930 km length). The Delta is a Mediterranean 
micro-tidal system with a tidal range generally from 20-30 cm, with a maximum meteorological 
tidal range of approximately 1 m (Ibáñez 2009). Although a great surface of the Ebro Delta 
has been transformed to rice fields it still has a diverse number of natural aquatic ecosystems 
as coastal lagoons, marshes, mudflats and seagrasses. Marshes of Ebro Delta can be 
divided according to the salinity range in freshwater marshes and salt marshes (Figure 1.1). 
Freshwater marshes can be from fresh to oligohaline depending on their location and season 
(SEO/BirdLife 1997). According to geomorphic settings (Brinson 1993; Woodroffe 2002), the 
Ebro delta marshes can also be classified in embayments, coastal lagoons, back-barriers and 
estuarine marshes. 
Agriculture, fisheries, aquaculture and tourism are economic activities that depend on 
the Delta, with a total annual economic value of about € 120 million (SEO/BirdLife 1997). 
Agriculture accounts for a gross economic benefit of about € 60 million, tourism about € 30 
million, fisheries about € 20 million and aquaculture about € 10 million. Rice agriculture is the 
main activity of the delta (60% of its surface), and rice cultivation plays a crucial role in its 
economy and ecology. Total production of rice is about 120,000 tons per year, among the 
largest in the European Union (SEO/BirdLife 1997). An extensive irrigation system delivers 
fresh water from the Ebro River to the rice fields. In addition to the grain harvest, rice fields 
play a significant ecological role for migratory birds, preventing saline intrusion, and in 
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biogeochemical transformations such as denitrification (Martínez-Vilalta 1995). Fishing ports 
influenced by Ebro River runoff are among the largest of the western Mediterranean, with an 
average landing of about 6000 tons per year. Aquaculture is an increasing economic activity, 
with a high production of mussels and oysters in Fangar and Alfacs bays of about 3000 tons 
per year. Tourism has increased substantially since creation of the Natural Park, and currently 
the number of visitors is estimated to be more than half a million people per year 
(SEO/BirdLife 1997).  
Figure 1.1. Human and natural habitats map of the Ebro Delta and location of the restored wetland experiment 
(adapted from (DMAiH 2007). 
 
Ecological impacts in the Ebro Delta 
 
Most deltas and estuaries of the world are vulnerable to sea level rise due to fluvial 
sediment input reduction (Syvitski et al. 2005; Valiela 2006; Day et al. 2008; Syvitski 2008). 
Instream structures such as dams, impoundments, dikes, and canals reduce freshwater and 
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sediment input to deltaic environments contributing to the sinking of world deltas via an 
increase in relative sea level rise (RSLR) (Day et al. 2008; Day et al. 2011). This in turn leads 
to a diminishment of deltaic marsh systems ability to adjust to RSLR and eventual conversion 
of these deltaic habitats to open water or migration of these systems further up the river 
channel (Shepard et al. 2011). This flooding risk may also affect human populations and 
increase salinization and loss of cultivated lands (Syvitski 2008). For example, sediment 
reduction is a flooding risk factor in rice field lands of Mediterranean and Asian Deltas (e.g. 
Ebro Delta, Nile Delta, Ganges Delta and Mekong Delta) and it could have rice global market 
implications (Chen et al. 2012).  
In the Ebro delta, as much as 99% of the river sediment has been retained by the 
construction of an extensive system of dams upstream of the Delta along the last century 
(Ibáñez et al. 1996a). RSLR estimates for Ebro Delta indicate an increase in the range from 
2.08 to 6.26 mmyr-1 (Ibáñez et al. 1996b). Low sediment input conditions could be a critical 
factor if future RSLR in the Ebro Delta is higher by an increase of one or more of RSLR 
components: eustasy (global ocean volume), isostasy (regional earth-surface load changes) 
or subsidence (compaction of the deposited sediment) (Ericson et al. 2006). A projection 
estimated RSLR (ESLR + deep subsidence) for the Ebro Delta marshes ranges from 5 to 8 
mmyr-1 (Ibáñez et al. 2010) using a mean eustatic sea-level rise (ESLR) of 3.1 mmyr-1 from 
the 2013 IPCC projection (IPCC 2013) and a mean subsidence rate range of 2 to 6 mmyr-1 
(Ibáñez et al. 1997). Potential flooding impacts by low sediment input and RSLR in the Ebro 
Delta could result on marsh surface loss and damage of high social and economic valuable 
activities such as rice field lands (Figure 1.2) (DMAiH 2008; Alvarado-Aguilar et al. 2012).  
Water pollution by nutrients, heavy metals and other organic pollutants has increased 
due to agricultural and industrial activities in Ebro Delta (Menéndez and Comín 2000; Mañosa 
et al. 2001; Terrado et al. 2006; Rodríguez et al. 2008). Intensive rice agricultural 
development during the 20th century has caused a decrease of water and ecosystem quality 
due to eutrophication (Comín et al. 1997; Comín et al. 1999). 
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Figure 1.2. Map of potential flooding areas and coastal erosion in 2050 using medium A1B IPCC scenario (ESLR = 3 
mm yr-1) (IPCC, 2007), 2 mm yr-1 mean subsidence and a digital elevation model with a spatial resolution of 1 m and 
a height accuracy of 15 cm (ICC 2004) (From (DMAiH 2008)) 
 
Environmental public authority responses 
 
About 25% of the Ebro delta was designated as a Natural Park in 1986 (SEO/BirdLife 
1997). It has also been recognized as an area of European importance for conservation of 
aquatic vegetation (SEO/BirdLife 1997). In 1993, it was included in the list of RAMSAR areas 
and now is part of the Natura 2000 network of the European Union. There are a total 55 bird 
species included in Annex I of the Birds Directive of the European Union. Among these 
species, 50 are aquatic, with 40,000 nesting pairs and a mean population of 180,000 birds in 
winter. The Ebro Delta has an international importance as a breeding area for at least 24 
species, for migration and wintering for 13 species, and occasionally for 14 more 
(Martínez-Vilalta and Giró 1996). The fish fauna is also very rich, with 55 species observed in 
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the deltaic coastal area, not including marine species. Eighteen have been classified and 
habitats included in the 92/43/EEC Directive for the Conservation of Natural Habitats and Wild 
Flora and Fauna, with 2 of them as of priority conservation and 8 more considered locally 
endangered (SEO/BirdLife 1997). 
Numerous marsh restoration efforts have been instigated to increase and improve 
coastal ecosystems areas and develop wildlife habitats in the Ebro Delta. European Union 
Life Program initiatives have been developed in different high ecological value areas (Ibáñez 
and Bertolero 2009). Concurrently, the Ministry of Environment of Spain has implemented the 
Integral Plan for the Protection of the Ebro Delta (MARM 2006), where one of the most 
important restoration actions is to transform rice fields to natural restored marshes. However, 
there are few scientific studies assessing how these wetland restoration initiatives relate to 
factors controlling marsh elevation and water quality (Ibáñez et al. 1997; Romero et al. 1999; 
Comín et al. 2001). 
 
State of knowledge 
 
Marsh vertical accretion and elevation change 
 
Mineral sedimentation and organic matter accumulation control marsh elevation to 
balance out RSLR. Mineral sedimentation depends on concentration and proximity of marine 
or fluvial sources, flooding and marsh elevation (Friedrichs and Perry 2001). Sedimentation 
may also be enhanced by vegetation, which can trap sediment on the marsh surface (Mudd et 
al. 2011; Morris et al. 2002). Organic matter accumulation is mainly due to in situ vegetation 
growth (via aboveground leaf litter deposition and belowground root production) (Blum and 
Christian 2004; Cahoon 2006). Vegetation growth depends on nutrient availability that 
enhances plant productivity although an excessive nutrient enrichment could reduce root and 
rhizome biomass (Darby and Turner 2008b; Darby and Turner 2008a; Turner 2011; Anisfeld 
and Hill 2012). Vegetation growth is also controlled by flooding, described as a parabolic 
relationship between vegetation and flooding where there is an optimum between water 
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flooding and maximum vegetation growth (Morris et al. 2002; Mudd et al. 2009). Flooding may 
indirectly control marsh elevation by stimulating or inhibiting root growth rather than by 
mineral sedimentation on the marsh surface (Nyman et al. 2006).  
Although it is well documented the role of vegetation growth on marsh elevation to 
keep pace with RSLR (Nyman et al. 1993; Callaway et al. 1997; Turner et al. 2000; Chmura 
and Hung 2004; Nyman et al. 2006; Neubauer 2008), few empirical and modeling studies 
exist directly linking environmental factors controlling vegetation dynamics to marsh accretion 
(Cahoon 2006; Fagherazzi et al. 2012). This knowledge could provide a better understanding 
on how vegetation growth could compensate low mineral sediment contribution in marshes to 
balance RSLR. For example, in the Ebro Delta, only brackish marshes that still have 
freshwater and sediment input will likely survive predicted RSLR (Ibáñez et al. 2010). This 
survival can be attributed to their location in the Ebro River mouth. Their position allows 
mineral sedimentation during high river flow and in situ organic matter accumulation promoted 
by fluvial waterborne nutrients (Ibáñez et al. 2010).  
Two main methods have been used to measure sedimentation and vertical accretion 
in marshes (short-term and long-term vertical accretion) (Rybczyk and Callaway 2009). 
Short-term vertical accretion is measured by near-surface horizon marker methods (i.e., 
kaolinite marker horizons) but often do not span the time scale of the shallow subsidence 
processes affecting long-term accretion, such as decomposition and primary consolidation, 
resulting in an overestimate of this parameter (Figure 1.3) (Cahoon et al. 1995). Long-term 
vertical accretion is measured by longer term sediment dating, such as 210Pb (Armentano and 
Woodwell 1975) and 137Cs (Delaune et al. 1978), parameters that integrate decomposition 
and compaction processes occurring within the first meter of sediment and can help to 
resolve the problem of time scale (DeLaune and Pezeshki 2003; Neubauer 2008). An 
alternative measurement has been elevation change that integrates both accretion and 
shallow subsidence over several meters, and it can be used to measure changes in marsh 
elevation over time using Surface Elevation Table (SET) method (Boumans and Day 1993; 
Cahoon et al. 2002). 
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Figure 1.3. Diagram showing direct and indirect biotic controls on vertical accretion and elevation change (from 
Cahoon 2006) 
 
Carbon sequestration in marshes 
 
Coastal aquatic ecosystems play an important role in global C cycling and regulation 
of climate (Chmura et al. 2003; McLeod et al. 2011; Hopkinson et al. 2012). The carbon 
sequestration capacity of marshes, mangroves and seagrasses has been intensively studied 
recently. Marshes sequester C within living biomass, as well as with their contribution to 
non-living biomass (e.g. leaf litter) over decades and within sediments over centuries 
(Chmura et al. 2003; McLeod et al. 2011; Hopkinson et al. 2012). Marsh soils grow vertically 
in response to rising sea level and favor C sequestration via organic matter burial and 
preservation due to marsh soil anaerobic conditions (Nyman et al. 2006; Craft 2007; 
Neubauer 2008). Marshes are highly efficient in trapping sediment and associated organic C 
from both allogenic (riverine particulate organic matter) and autogenic (leaf litter and roots) 
sources. Carbon sequestration also depends on changes in allocation among plant parts (e.g. 
roots versus leaves), decomposition, and primary productivity, which are in turn are driven by 
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both physical (e.g. temperature, salinity, precipitation, sea level, nutrients, sediment type) and 
biological (e.g. species composition, plant competition, herbivory, bioturbation, trophic 
cascades) variables (Chmura et al. 2012). The quantification of carbon stored by marshes is 
still an active area of research and reported estimates of long-term C burial are highly variable. 
Initial studies estimate that salt marshes have carbon burial rates of 218 ± 24 g C m-2 yr-1 
(Chmura et al. 2003; Duarte et al. 2005) and global estimates for freshwater marshes indicate 
lower rates (118 g m-2 yr-1) (Mitsch et al. 2013).  
 
Pollutant removal by marshes 
 
Restored marshes have been proven to be an effective and economical way of 
treating nitrogen and phosphorus, and for reducing heavy metals and pesticides from water 
effluents (Mitsch et al. 2001; Kovacic et al. 2006; Kadlec and Wallace 2008). Many 
characteristics of restored wetland design (residence time, water level, plant composition and 
abundance) can influence on the nutrient removal efficiency (Kadlec and Wallace 2008). In 
particular, the restoration of wetlands on rice fields can caused a significant improvement of 
water quality of the surrounding aquatic ecosystems (Romero et al. 1999; Comín et al. 2001). 
Typically, the main goal of wetland wastewater treatment by natural or restored wetlands is 
that the rate of input must balance the rate of removal or immobilization. The wetland ability to 
remove nutrients and metals from inflowing water is primarily dependent on the volume and 
nutrient concentration of the input water, and the area of the receiving wetlands (Mitsch et al. 
2001). Thus, municipal, industrial or agricultural effluent discharges of NO3, NH4, PO4, and 
their organic forms as well as metals can be removed in the short-term by plant uptake, and in 
the long-term by peat and sediment accumulation, and in the case of nitrogen, also by 
denitrification (Reddy et al. 1989; Day et al. 2004). Metal removal by marshes is primarily 
dependent on hydrology, which controls soil redox. In oxidized marsh soils, metals can be 
removed by adsorption and co-precipitation with oxides and oxy-hydroxides forming 
metal/oxide complexes (Benjamin and Leckie 1981; Bradl 2004). In anoxic marsh soils, 
anaerobic conditions favor soil metal removal due to metal precipitation as insoluble sulfide 
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complexes (Jackson et al. 1978). Marsh soil accretion are also critical to promote metal 
accumulation in marshes removing from surface waters (Teuchies et al. 2013). 
 
Objectives 
 
This study seeks to provide the first quantitative multifunctional assessment of optimal water 
type and water level to promote marsh vertical accretion, C accumulation and water pollutant 
concentration reduction. This knowledge will provide new knowledge to support the 
establishment and management of future restored marshes in reclaimed rice fields in the 
Mediterranean coastal zone. This research aims to measure the response to abiotic (water 
type and water level) and biotic (plant growth) factors and their control of vertical accretion, C 
accumulation and pollutant concentration reduction optimization in experimental restored 
marshes receiving two kinds of water (irrigation water from Ebro River and rice field drainage 
water) and flooded with three different water levels (10, 20 and 30 cm).  
 
Specific objectives of this research are: 
1. Assess overall ecological benefits of vertical accretion, C accumulation and water 
pollutant concentration reduction in a newly established restored marsh. 
2. Quantify the effect of different water type and water level treatments on vertical 
accretion, C accumulation and water pollutant concentration reduction in the restored 
marsh.  
 
The main hypotheses are the following: 
1. The oligohaline restored marsh will provide overall ecological benefits of vertical 
accretion, C accumulation and water pollutant concentration reduction. 
2. The oligohaline restored marsh will have rates of elevation gain higher than 
RSLR when receiving higher sediment concentrations from agricultural drainage 
waters and affected by intermediate water levels.  
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3. The oligohaline restored marsh will increase rates of C accumulation when 
receiving higher sediment concentrations from agricultural drainage waters and 
affected by intermediate water levels.  
4. The oligohaline restored marsh will remove nutrient and metal pollutants from 
polluted agricultural drainage waters and affected by intermediate water levels.  
 
  
CHAPTER 2. MINERAL VERSUS ORGANIC CONTRIBUTION TO VERTICAL ACCRETION 
AND ELEVATION CHANGE IN A MEDITERRANEAN RESTORED MARSH  
(EBRO DELTA, SPAIN) 
 
This chapter has been published in Ecological Engineering Journal 
Calvo-Cubero, J.; Ibáñez, C; Rovira, A.; Sharpe, P. and Reyes, E. 2013. Mineral versus organic 
contribution to vertical accretion and elevetation change in Restored marshes (Ebro Delta, Spain). 
Ecological Engineering. 61, Part A: 12-22; 2013 
 
Abstract 
 
The Ebro Delta (Catalonia, Spain) is one of the most valuable coastal zones within 
the Mediterranean Sea, supporting a highly productive rice agricultural system, as well as a 
myriad of coastal marsh habitats. However, chronic reductions of fluvial sediments coupled 
with accelerated relative sea-level rise have created an environment where approximately half 
of the Ebro Delta is now vulnerable to flooding impacts. To assess relative sea-level rise 
(RSLR) mitigation options through marsh restoration within abandoned deltaic rice fields, we 
established the restored marsh spanning three years. We used two freshwater input type 
treatments (riverine irrigation and rice field drainage water) and three water level treatments 
(10, 20 and 30 cm deep). Our hypotheses were that: (1) vertical accretion and elevation 
change in an oligohaline restored marsh would be primarily controlled by organic 
contributions under sediment-deficit conditions, and (2) both vertical accretion and elevation 
change would demonstrate higher rates compared with predicted RSLR in the Ebro Delta (5-8 
mm yr-1). Vertical accretion had higher mean values in both water type treatments (11.5 and 
15.5 mm yr-1) than elevation change (9.1 and 8.8 mm yr-1). Vertical accretion (but not 
elevation change) was significantly higher in drainage water treatment receiving greater 
sediment mineral input, which caused higher surface soil mineral content. Conversely, 
experimental marsh units closer to rice fields in both water type treatments had greater 
elevation change (11.3 and 17.8 mm yr-1) than vertical accretion (8.3 and 15.1 mm yr-1) due to 
higher belowground biomass because of high weed colonization by Paspalum distichum L. 
These results showed that vertical accretion and elevation change were generally controlled 
by mineral contribution, although fast growing; ruderal plant species such as P. distichum can 
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play a significant role in marsh elevation via root growth. The results supported the hypothesis 
that experimental marsh units either water type promote marsh elevation gains higher than 
predicted RSLR at least during the initial marsh development (3 years). This study indicates 
that the use of agricultural runoff as a primary source of sediment, nutrient, and freshwater is 
beneficial for marsh restoration projects focused primarily on mitigating RSLR. This research 
also highlights how nuisance species such as P. distichum can play a key role in mitigating 
RSLR impacts when inexpensive and effective measures are needed to promote marsh 
elevation as the primary restoration goal. 
 
Introduction 
 
The Ebro Delta is a vital coastal ecosystem in the western Mediterranean extending 
~330 km2 (Figure 2.1) and is the second most important special protection area for birds (SPA) 
in Spain (SEO/BirdLife 1997). The Ebro Delta possesses a diverse number of ecosystems 
including coastal lagoons, marshes and seagrasses, which comprise the Ebro Delta Natural 
Park and are part of the Natura 2000 network of the European Union (EU). Juxtaposed with 
these natural areas there are 20,000 ha of rice fields. Rice agriculture is the main economic 
activity within the Delta comprising up to 60 % of the land surface of the Ebro Delta, providing 
an annual gross income of about € 60 million and a total rice production of 120,000 tons per 
year and (Cardoch et al. 2002). Although rice agriculture development has transformed much 
of the Ebro Delta over the last two centuries (Cardoch et al. 2002), rice fields provide 
significant ecosystem services such as seasonal habitat for migratory birds, prevention of 
saline intrusion and nutrient removal (Martínez-Vilalta 1995).  
The marshes and rice fields within the Delta receive irrigation water from the Ebro 
River, which is the largest river of the Iberian Peninsula (flow ca. 400 m3 s-1). A series of dams 
(~ 170) were built along the watercourse during the 1960s to support a variety of intensive 
water uses (Ibáñez and Prat 2003). These dams retain an estimated 99 % of the sediment 
that would normally be deposited within the Ebro Delta, thus creating a severe sediment 
deficit (Ibáñez et al. 1996b). Global eustatic sea-level rise (ESLR) has increased at a rate of 
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1-2 mm yr-1 over the last century and it is now higher than 3 mm yr-1 (FitzGerald et al. 2008). 
However, predicted relative sea-level rise (RSLR) in Ebro Delta may range from 5 to 8 mm 
yr-1 at the end of the present century, due to ESLR and land subsidence (Ibáñez et al. 2010). 
Both sediment reduction and RSLR have created an environment where ~ 40% of the 
emerged Ebro Delta plain has an elevation lower than 50 cm and ~ 10% of the delta is below 
sea level (Ibáñez et al. 1997). Thus, 50 % of the Ebro Delta is vulnerable to flooding impacts 
and permanent submergence of both marshes and rice fields (DMAiH 2008; Alvarado-Aguilar 
et al. 2012). This is not a problem unique to the Ebro Delta as similar systems such as the 
Ganges, Mississippi, Nile, Rhone and Po Deltas, all suffer from similar sediment deficits 
(Syvitski et al. 2009). RSLR impacts on worldwide deltaic rice agriculture would have effects 
on the global market by reduced production and subsequent increases in rice prices, which 
may have important implications for food security (Chen et al., 2012). Several studies in the 
Mediterranean and Asian Deltas (e.g. Ebro, Nile, Ganges and Mekong Deltas) also suggest 
potential population displacements, loss of biodiversity and cultural heritage (Syvitski et al. 
2009; Day et al. 2011; Chen et al. 2012). 
One proposed measure to mitigate deltaic impacts is the introduction of riverine 
sediments into marshes as a means of correcting the sediment deficit (e.g. Mississippi Delta, 
Rhone Delta and Ebro Delta) (Ibáñez et al. 1997; DeLaune et al. 2003; Day et al. 2007). The 
reintroduced river water would also provide a source of nutrient input, which theoretically 
would increase marsh elevation by stimulating autogenic organic contribution via plant growth 
(McKee and Mendelssohn 1989; Day et al. 2008). Freshwater inputs also reduce soil 
stressors such as hyper-salinity, anoxia and toxins, that typically inhibit plant growth (Day et al. 
2011). Several studies also emphasize that the organic contributions to marsh elevation may 
be more relevant than mineral contributions in sediment-deficient deltas and estuaries 
(DeLaune and Pezeshki 2003; Blum and Christian 2004; Nyman et al. 2006). However, more 
data are required to directly link organic contribution to marsh elevation (Cahoon 2006; Day et 
al. 2011; Fagherazzi et al. 2012). In the Ebro Delta only marshes that maintain significant 
freshwater and sediment inputs will likely survive predicted RSLR (Ibáñez et al. 2010). So it is 
important to understand under which conditions the mineral and organic contributions to 
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marsh elevation can be optimized as a key restoration objective. For example, the use of 
Paspalum Distichum L. during the establishment of the restored marsh may be a viable 
restoration practice to mitigate RSLR due its ability to capture sediments, it’s tolerances to 
salinity, water logging, and dry conditions, fast growth, and ability to reproduce from rhizomes, 
stolons, or seeds (Anderson and Ehringer 2000; Wanyama et al. 2012). The practice of 
converting rice fields into marshes in areas of low elevation has been proposed in the Ebro 
Delta as a way to mitigate the effects of climate change (e.g. by elevation gain and carbon 
sequestration) and improve the water quality of agricultural runoff (Ibáñez et al. 1997). 
Recently, several public efforts have restored rice field land to freshwater marshes in the Ebro 
Delta using river irrigation water or rice field drainage water to feed them (MARM 2006; 
Ibáñez and Bertolero 2009). However, no previous experimental studies in the Ebro Delta and 
other Mediterranean deltas have assessed restoration initiatives regarding abiotic and biotic 
factors controlling vertical accretion and elevation change to keep pace with sediment deficit 
and RSLR. The objective of this experimental study was to assess vertical accretion and 
elevation change in oligohaline restored marshes receiving nutrient and sediment inputs from 
river irrigation and rice field drainage waters under different water levels. We conducted an 
experimental study during three years in a newly established restored marsh consisting of 72 
experimental marsh units (100 m2 each). Two different freshwater water input types (riverine 
irrigation water and rice field drainage water) and three water levels (10, 20 and 30 cm deep) 
were used. 
 
Methods 
 
Experimental design 
 
We carried out the field experiment at an organic rice farm located in the southeast of 
the Ebro delta (Catalonia, Spain) (Figure 2.1, left). We established the experiment between 
an active organic rice field to the West and an old restored marsh to the East separated by a 
bare soil strip (Figure 2.1, right). We used a partly nested experimental design to compare 
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plant biomass, vertical accretion and elevation change in response to water type and water 
level treatments. Water type comprised 2 treatments: riverine irrigation water (IW) and rice 
field drainage water (DW) applied to 36 experimental marsh units for each treatment. The 
water level factor consisted of 3 water level treatments of 10, 20, and 30 cm in depth. These 
water level treatments were applied inside each water type using a complete randomized 
block design with three blocks. Therefore, each water type included 3 blocks and where each 
block included 12 experimental marsh units; 4 replicate experimental marsh units for each 
three water levels (Figure 2.2). We included a block design to account for the variation in our 
experimental marsh units from plant colonization effects from the active rice field on the West 
side of the experiment. The chosen water types and levels were based on readily available 
water sources and a realistic range of potential water levels found in rice fields and marshes 
of the Ebro Delta. Freshwater from both IW and DW favors the development of a helophytic 
marsh dominated by a Phragmites australis (Cav.) Steudel, Scirpus maritimus L. and Scirpus 
litoralis Schrad., since the study area is located in an old freshwater marsh area (abandoned 
distributary), which was transformed to rice cultivation in the previous century (Curcó et al. 
1995).  
 
 
 
 
 
 
 
Figure 2.1. The left map shows the location of the restored marsh in the Ebro Delta (Catalonia, Spain). The right map 
shows its detailed location between an active organic rice field and an old restored marsh dominated by Phragmites 
australis (Cav.) Steudel and Typha latifolia L. 
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We initiated the experiment in August 2009 and ran it for 3 years (Appendix A). The 
hydroperiod for the experiment (seasonal flooding and draw down periods) was coincident 
with the regional rice harvest/planting regime. During the first year, the experimental marsh 
units were fully flooded from August to December. In the second and third years, the 
experimental marsh units were flooded from June to December. Targeted water levels were 
maintained using an average water in-flow rate of 4.5 L s-1. The experimental marsh units 
were individually isolated using plastic lined wooden walls to prevent/limit water loss.  
 
 
 
 
 
 
 
 
 
 
Figure 2.2. Design of the 
restored marsh. The two 
water treatments consisted 
of 36 experimental marsh 
units receiving either 
irrigation or drainage water. 
Each treatment included the 
water level factor (10, 20 and 
30 cm depth) divided in 3 
blocks via a complete 
randomized block design. 
 
 
 
17 
 
 
Water and soil analysis 
 
Physical and chemical parameters were analyzed monthly from 2009 to 2011 for both 
water type inflows (3 samples per month and water type). Dissolved oxygen (DO2), 
temperature, conductivity and pH were measured using an YSI 556 multiprobe (YSI 
incorporated, Yellow Springs, Ohio, USA). Three water samples per month were collected for 
both water type inflows during 2010 and 2011 to measure total suspended solids (TSS), and 
total inorganic suspended solids (TISS) according to the UNE-EN 872 norm (AENOR, 1996). 
TSS and TISS analysis quantifies both total and mineral sediment inputs in both water types 
that may cause vertical accretion and elevation change response. In addition, three water 
samples per month for both water type inflows during 2010 were analyzed for the following 
nutrients: total phosphorus (TP) and total nitrogen (TN); inorganic dissolved nutrients; 
phosphate (P-PO43-), nitrate (N-NO3-) and ammonium (N-NH4+), following standard methods 
(Grasshoff et al. 1999). Water nutrient analysis quantifies nutrient inputs in both water types 
that may cause a plant growth response.  
Furthermore, the same physical and chemical parameters were analyzed from a 
subset of 26 randomly selected experimental marsh units (Figure 2.2) from the surface and 
sub-soil (0.5 m depth) from 2009 to 2011 for monitoring water characteristics that may 
influence plant growth. Superficial soil core samples (above marker horizons) were collected 
in May 2011 within a 36 experimental marsh unit subset to analyze soil parameters (i.e. 
mineral matter content, bulk density and mineral particle size) that may impact vertical 
accretion. Samples of known volume were weighted to determine wet weight and dried to a 
constant weight at 60ºC. Soil bulk density was calculated from these data (Page et al. 1982). 
Organic matter content was measured by loss-on-ignition at 500 ºC during 12 h and mineral 
matter was derived from organic matter percentage following Pont et al. (2002). The 
determination of particle size distribution in mineral soil material was performed by wet sieving 
and sedimentation technique (ISO11277 2002). The following particles sizes classes were 
measured: clay (d<2 µm), fine silt (2 µm<d<16 µm), medium silt (16 µm<d<45 µm), coarse silt 
(45 µm<d<63 µm) and sand (63 µm<d<2000 µm).  
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Aboveground and belowground plant biomass 
 
Maximum aboveground biomass (MAB) or peak standing crop was measured to 
obtain an estimate of plant growth (Cronk and Siobhan Fennessy 2001) that may affect 
vertical accretion and elevation change. Accordingly, three random subsamples of 0.25 m2 
were sampled from the previously identified 36 experimental marsh units subset in the last 
growing season of the experiment (August 2011) following a direct method from (Schubauer 
and Hopkinson 1984). Plants were separated by species and dried to constant weight (at 60 
ºC). Maximum belowground biomass (MBB) was analyzed to obtain information of root growth 
contribution to vertical accretion and elevation change. MBB was sampled in the last dormant 
season of the experiment (May 2012) by collecting two soil core subsamples from the 36 
experimental marsh units subset (50 cm long, 11.8 cm internal diameter). To improve the 
efficiency of core extraction, we sealed the top with a screw top cap before extracting the core 
from the sediment (Schurman and Goedewaagen 1971). Each soil core was sectioned and 
washed with tap water through 1 mm mesh sieve to remove inorganic sediments. The plant 
material was then sealed into labelled plastic bags and stored at 2–5 ºC. Each thawed sample 
was sorted into live and dead roots and litter. All samples were dried to constant mass at 60 
ºC and weighed (Curcó et al. 2002). 
 
Vertical accretion and elevation change 
 
Vertical accretion and elevation change were determined using marker horizons 
(Kaolinite) (Cahoon and Turner 1989) and surface elevation tables (SETs) respectively 
(Cahoon et al. 2002). Marker horizons were laid upon a 1m2 marsh surface in the center of 
the 36 experimental marsh units subset in August 2009 and two random subsamples were 
sampled at the end of the experiment (May 2012). SET stations were established adjacent to 
the marker horizons in 26 randomly selected experimental marsh units (Figure 2.2) and SETs 
readings were taken every three months from August 2009 until May 2012. In this study we 
use vertical accretion to refer to surface accretion processes due to mineral sedimentation, 
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leaf litter deposition and root growth. We refer to elevation change as the change of marsh 
elevation due to vertical accretion, subsurface soil expansion by root growth and shallow 
subsidence by compaction and decomposition.  
 
Statistical analysis 
 
A repeated measures analysis of variance (ANOVA) of fixed effects (Type III test) 
was performed to test differences in sediment input (TSS and TISS) and nutrient content 
(total nutrients and dissolved inorganic nutrients) on both water type inflows, which may 
cause a different response of vertical accretion and elevation change in the restored marsh. 
Multivariate Principal Component Analysis (PCA) was carried out to explore the relationships 
between abiotic and biotic variables with vertical accretion and elevation change and identify 
underlying factors that control them. Kaiser-Meyer-Olkin’s (KMO) measure of sampling and 
Barlett’s test of sphericity were used to assess the appropriateness and adequacy of the PCA 
(McGarigal et al. 2000). A partly nested ANOVA of fixed effects (Type III test) was used to 
test differences on the main response variables (plant biomass, surface soil properties, 
vertical accretion and elevation change) among water types and water levels (Quinn and 
Keough 2002). Differences in response variables among block effects were also analyzed to 
test vertical accretion and elevation change response to vegetation colonization. In the 
presence of significant differences (α<0.05) in ANOVA results, pairwise comparisons were 
made with the Tukey test. All statistical analyses were performed using SPSS software 
version 20 (IBM 2010).  
 
Results 
 
Water characteristics 
 
Both water type inflows were characterized as oligohaline and oxygenated waters 
(Table 2.1). The ANOVA indicated DW inflow had significantly higher TSS (F1,4=592,47, 
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P<0.001), TISS (F1,4=582,85, P<0.001), N-NH4+ (F1,4=73.8, P=0.001) and TP (F1,4=29.81, 
P=0.05) compared to IW (Table 1). IW inflow had significantly higher N-NO3- (F1,4=51.67, 
P=0.002) with no significant differences for TN (F1,4=0.32, P=0.6) and P-PO43-(F1,4=5.26, 
P=0.084) (Table 2.1). The Restored marsh had oligohaline surface waters and hyperhaline 
soil waters (0.5 m depth) due to saline intrusion characteristic of current conditions within the 
Ebro Delta (Table 2.2). The Restored marsh had oxygenated surface waters and 
sub-oxygenated soil waters (Table 2.2). 
 
Parameter Water type inflows Irrigation water Drainage water 
Temperature (°C) 20.67 ± 1.74 20.56 ± 2.72 
pH 8.59 ± 0.20 7.73 ± 0.25 
DO2 (mg L-1) 7.75 ± 0.94 5.55 ± 0.75 
Conductivity (mS cm-1) 1.22 ± 0.10 1.48 ± 0.18 
TP (mg L-1) 0.08 ± 0.01 0.18 ± 0.02* 
P-PO4- (mg L-1) 0.10 ± 0.04 0.13 ± 0.04 
TN (mg L-1) 1.18 ± 0.04 1.05 ± 0.21 
N-NO3- (mg L-1) 1.40 ± 0.17* 0.54 ±0.13 
N-NH4+ (mg L-1) 0.05 ± 0.01 0.22 ± 0.09* 
TSS (mg L-1) 4.38 ± 0.67 26.66 ± 3.83* 
TISS (mg L-1) 2.49 ± 0.51 23.16 ± 3.36* 
Table 2.1. Mean and standard error of water characteristics of both water type inflows during the experiment period. 
An asterisk indicates a significance difference (α=0.05) on repeated measures ANOVA results between water type 
inflows for water nutrient content (TP, P-PO4-, TN, N-NO3- and N-NH4+) and sediment inputs (TSS and TISS). 
 
Parameter 
Irrigation water Drainage water 
10 cm 20 cm 30 cm 10 cm 20 cm 30 cm 
Surface water temperature (°C) 
Mean 20.00 19.56 19.51 20.26 19.98 19.65 
S.E. 0.27 0.16 0.09 0.20 0.25 0.12 
Soil water temperature (°C) 
Mean 20.55 20.47 20.32 20.31 20.44 20.30 
S.E. 0.05 0.07 0.17 0.23 0.20 0.15 
Surface water pH 
Mean 7.59 7.78 7.72 7.71 7.74 7.65 
S.E. 0.08 0.06 0.09 0.06 0.04 0.09 
Soil water pH 
Mean 6.68 6.65 6.77 6.65 6.76 6.80 
S.E. 0.07 0.05 0.12 0.08 0.04 0.03 
Surface water DO2 (mg L-1) 
Mean 5.23 5.14 5.09 5.61 4.84 4.35 
S.E. 0.59 0.35 0.43 0.54 0.26 0.77 
Soil water DO2 (mg L-1) 
Mean 0.31 0.52 0.49 0.51 0.37 0.36 
S.E. 0.03 0.09 0.08 0.11 0.07 0.04 
Surface water conductivity (mS cm-1) 
Mean 1.98 1.60 1.30 1.91 1.98 1.64 
S.E. 0.44 0.12 0.06 0.15 0.16 0.04 
Soil water conductivity (mS/cm-1) 
Mean 70.96 73.40 53.17 76.42 73.51 50.60 
S.E. 1.39 3.49 8.20 2.54 1.54 4.26 
Table 2.2. Mean and standard error of surface and soil water characteristics during the experiment period in the 
restored marsh as a function of water type and water level treatments. 
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Relationships between forcing and response variables 
 
Principal Component Analysis results indicated a strong relationship of vertical 
accretion with surface soil properties along component 1 (figure 3, top), which is explained by 
water type variation (figure 3, bottom). A secondary relationship of elevation change with plant 
biomass appears along component 2 (figure 3, top), which is explained by block variation 
(figure 3 bottom). KMO’s measure of sampling adequacy (0.60) and Bartlett’s test of 
sphericity (P<0.0001) indicated the appropriateness of the PCA. The first two components 
explained a total of 43.13 % of the variance, with Component 1 contributing 26.89 % and 
Component 2 contributing 16.24 %. An oblimin rotation was performed to aid in the 
interpretation of these two components (McGarigal et al. 2000).  
 
 
 
 
 
 
 
 
 
Figure 2.3. Principal Component Analysis of the forcing and response variables. Factor loadings of the variables (left) 
and scores of experimental marsh units classified by water type treatments and block effects (right). 
 
The PCA rotation solution showed a number of medium (±0.40) and high (±0.60) 
loadings (correlations) indicating the relationships of abiotic and biotic variables with vertical 
accretion and elevation change in both components (Figure 2.3, top). Along component 1 
appears a direct relationship between vertical accretion (-0.56) and finer grain sizes; namely 
clay (-0.75) and fine silt (-0.6). These variables were all opposed to soil bulk density (0.42) 
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and coarser grain sizes; medium silt (0.93), coarse silt (0.94) and sand (0.94). Component 2 
shows a direct relationship between elevation change (-0.81), MAB (-0.65) and MBB (-0.52). 
These variables were all opposed to surface water pH (0.75) and DO2 (0.55), soil water pH 
(0.60) and soil bulk density (0.57). Scores of experimental marsh units explained two main 
underlying factors controlling forcing and response variables relationships (Figure 2.3, 
bottom). The first factor was the water type variation along component 1, which explained 
vertical accretion and surface soil properties relationships. The second factor was the block 
variation along component 2, which explained elevation change, plant biomass and water 
parameters relationships.  
 
Plant biomass response among treatments 
 
MAB and MBB were significantly higher in blocks closer to the rice field due to 
Paspalum distichum L colonization, and MBB also responded negatively to higher water 
levels in DW treatment (Figure 2.4). Plant composition of the restored marsh corresponded to 
oligohaline marsh vegetation dominated by Scirpus maritimus L. and Scirpus litoralis Schrad., 
with high colonization by the weed P. distichum as a consequence of the proximity of a rice 
field (Curcó, 2000). There were no significant differences in MAB between water types 
(F1,26=1.1, P=0.309) and water levels (F2,26=2.1, P=0.145) nor was there a significant block 
effect (F4,26=1.6, P=0.192). It should be noted, however, that the MAB data displayed an 
increasing trend (higher biomass) from block 1 to block 3 (area closest to an existing rice field) 
under both water types (Figure 2.4, top). This observed trend closely tracked the biomass of 
P. distichum (Figure 2.4, center). P. distichum was the most significant contributor to MAB of 
any other species and was found in the restored marsh independent of the IW or the DW 
treatments (F1,26=4.1, P=0.057) water level (F2,26=0.57, P=0.571) or block (F4,26=2.1, P=0.111). 
MBB was significantly different among water levels (F2,26=8.0, P=0.002) and blocks (F2,26=3.2, 
P=0.028), but not among water types (F1,26=3.5, P=0.072). MBB only showed significant 
differences between water levels in the DW treatment for pairwise comparisons (Tukey), 
where MBB was significantly higher in the 10 cm water level than in the 30 cm water level 
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(P=0.014) and higher than the 20 cm water level but not significant (P=0.059) (Figure 2.4, 
bottom). A significant block effect was observed when looking specifically at MBB in the IW 
treatment, where block 3 had significantly higher MBB than blocks 2 and 1 (P=0.01 and 
P=0.001 respectively). In the DW treatment, block 3 had significantly higher MBB than block 1 
(P=0.042) for pairwise comparisons (Tukey) (Figure 2.4, bottom). 
 
 
 
 
 
 
 
 
 
Figure 2.4. Partly nested 
ANOVA results of mean (± 
SE) plant biomass response 
among water types, water 
levels and blocks. Where 
there were significant main 
effects (α=0.05) on ANOVA 
results among water levels 
and block effects, Tukey 
pairwise comparisons were 
tested within each water type 
treatment and different 
letters denotes significant 
differences. 
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Surface soil properties response among treatments 
 
Surface soil mineral content was greater in DW treatment, as well as bulk density, 
sand and silt content. Mineral content also increased in both water type treatments with the 
higher water levels, and decreased in blocks closer to rice field cultivation. Mineral content 
responded in all treatments significantly: among water types (F1,28=4.7, P=0.039), water levels 
(F2,28=4.6, P=0.019) and blocks (F4,28=4.8, P=0.004) (Figure 2.5, top). Pairwise comparisons 
between water levels only showed significant differences in mineral content in DW treatment: 
10 cm with 20 cm (P=0.04) and 30 cm (P=0.005). Pairwise comparisons between blocks 
showed significant differences in mineral content in both water type treatments. Block 3 had 
significantly lower mineral content than block 1 (P=0.02) in the IW treatment. Block 2 had 
significantly lower mineral content than block 1 (P=0.04). There were significant differences in 
bulk density between water types (F1,28=12.9, P=0.001) but not between water levels 
(F2,28=1.1, P=0.365) and blocks (F4,28=0.1, P=0.979) (Figure 2.5, center). There were no 
significant differences for any particle size content between water types, water levels and 
blocks (Figure 2.5, bottom): sand (F1,28=1.7, P=0.205; F2,28=1.5, P=0.249 and F4,28=2.4, 
P=0.071), silt (F1,28=2.4, P=0.129; F2,28=1.1, P=0.338 and F4,28=2.9, P=0.061) and clay 
(F1,28=3.8, P=0.062; F2,28=0.8, P=0.462 and F4,28=2.5, P=0.082). Two general trends of 
particle size content appeared among treatments. First, both sand and silt increased in DW 
treatment inversely to clay content. Secondly, silt and clay content varied inversely among 
water levels and blocks in both water type treatments. 
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Figure 2.5. Partly nested 
ANOVA results of mean (± 
SE) surface soil properties 
response among water types, 
water levels and blocks. An 
asterisk indicates significant 
increase (α=0.05) between 
water type treatments. 
Where there were significant 
main effects (α=0.05) on 
ANOVA results among water 
levels and block effects, 
Tukey pairwise comparisons 
were tested within each 
water type treatment and 
different letters denotes 
significant differences.  
 
Vertical accretion and elevation change response among treatments 
 
Vertical accretion showed a significant increase in DW treatment compared to IW 
treatment due to significantly higher mineral sediment input, which promoted higher surface 
soil mineral content. Elevation change appeared to be affected by block effects due to P. 
distichum colonization and all three parameters (elevation change, MAB of P. distichum L and 
MBB) increased in block 3 closest to rice cultivation. In both water type treatments, mean 
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values (± standard error) of vertical accretion (11.5±0.8 and 15.5±0.6 mm yr-1) were higher 
than those for elevation change (9.1±1.4 and 8.8±2.8 mm yr-1). ANOVA results showed 
vertical accretion was significantly higher in the DW treatment than the IW treatment 
(F1,21=9.5, P=0.006) (Figure 2.6, top). Vertical accretion did not show significant differences 
among water levels (F2,21=0.4, P=0.681) but showed significant differences among blocks 
(F4,21=2.8, P=0.05). Vertical accretion significantly increased on blocks closer to rice field 
cultivation (block 3) in the DW treatment, possibly in response to sediment capture by the 
combination of higher sediment input and substantially higher aboveground biomass of P. 
distichum. Block 3 displayed substantially higher vertical accretion than block 1 (P=0.075) and 
block 2 had significantly higher vertical accretion rates than block 1 (P=0.05) for pairwise 
comparisons (Figure 2.6, top). In the IW treatment, vertical accretion significantly changed 
among blocks, where block 3 had significantly lower accretion than block 1 (P=0.013) and 
block 2 (P=0.034) for pairwise comparisons (Figure 2.6, top). 
Elevation change did not show significant differences among water types (F1,16=0.1, 
P=0.797) and water levels (F2,16=0.1, P=0.868) but it showed significant differences among 
blocks (F4,16=4.2, P=0.016) (Figure 2.6, bottom). Particularly, block 3 in both water type 
treatments had higher elevation change (11.3±2.3 and 17.8±2.9 mm yr-1) than vertical 
accretion (8.3±1.3 and 15.1±1.3 mm yr-1). This positive difference when subtracting vertical 
accretion rates from elevation change rates points out that significantly higher belowground 
biomass in block 3 also contributed to elevation change by root growth due to high weed 
colonization by P. distichum from rice field edge. Block 3 of the DW treatment had 
significantly higher rates of elevation change than either block 2 or 1 (P=0.043 and P=0.042 
respectively) for pairwise comparisons (Figure 2.6, bottom). In the IW treatment, elevation 
change did not show any significant differences between blocks although it displayed an 
increasing trend from the block 1 to the block 3 (Figure 2.6, bottom).  
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Figure 2.6. ANOVA results of mean (± SE) vertical accretion and elevation change response among water types, 
water levels and blocks. An asterisk indicates significant increase (α=0.05) between water type treatments. Where 
there were significant main effects (α=0.05) on ANOVA results among water levels and block effects, Tukey pairwise 
comparisons were tested within each water type treatment and different letters denotes significant differences. The 
dashed line represents global (3 mm yr -1) and regional projections (5 mm yr -1) of ESLR means (IPCC 2007; Marcos 
and Tsimplis 2008). The shaded area represents predicted RSLR for the Ebro Delta (Ibáñez et al. 2010). 
 
Discussion 
 
Marsh development and stability are dependent on allogenic (e.g. flooding, sediment 
inputs) and autogenic factors (e.g. plant growth) (Singer et al. 1996; Waller et al. 1999). Initial 
stages of marsh succession are usually controlled by mineral contributions that control the 
optimal elevation to favour vegetation colonization and development (Morris et al. 2002). 
Mature marshes may have greater organic contribution (e.g. leaf litter deposition and root 
growth) because a more extensive plant community cover is developed and marsh elevation 
gain causes higher isolation from marine and riverine sediment sources (Brinson et al. 1995; 
Mitsch and Gosselink 2007). Under a sediment-deficit scenario, autogenic organic 
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contributions may be critical to marsh stability and survival to support the balance between 
elevation gain and RSLR (DeLaune and Pezeshki 2003; Blum and Christian 2004; Nyman et 
al. 2006); (Langley et al. 2009; Kirwan and Guntenspergen 2012). In our study, mineral 
contributions controlled vertical accretion and elevation change in the establishment of the 
oligohaline restored marsh even under sediment-deficit conditions. Higher mean vertical 
accretion rates (11.5±0.8 and 15.5±0.6 mm yr-1) than elevation change (9.1±1.4 and 8.8±2.8 
mm yr-1) in both water type treatments suggests that the surface accretion processes via 
mineral sedimentation overall controlled marsh elevation. However, sub-soil expansion via 
root growth also caused a positive elevation gain, especially when the weed P. distichum 
colonized rapidly and densely the restored marsh. The observed overall mean rates of vertical 
accretion and elevation change also support the hypothesis that oligohaline the restored 
marsh often have elevation gains higher than RSLR in the Ebro Delta, at least during the 
initial phase of marsh establishment.  
Vertical accretion responded positively to higher mineral input from the rice field 
drainage water but vertical accretion wasn’t affected by plant colonization among blocks. Our 
results show a significantly higher surface soil mineral content in DW treatment due to 
significantly higher mineral input that contributes significantly to vertical accretion. The 
multivariate analysis results also pointed out the strong relationship between vertical accretion 
and surface soil mineral properties along the component 1, which was explained by primary 
source of variation due to water type treatments. Similar plant growth in both water type 
treatments and lower surface soil organic content in the DW treatment may indicate that 
higher nutrient levels from drainage waters did not enhance accretion via organic contribution 
as several studies have already pointed out (Craft and Richardson 1993a; Rybczyk et al. 
2002; Brantley et al. 2008). A possible explanation is that small differences in nutrient content 
between water type inflows may require a longer time of fertilization to cause differences in 
plant growth and subsequent organic contribution to marsh elevation. An alternative 
explanation is that agricultural run-off may also contain herbicides, which may reduce plant 
germination (Reynoldson and Zarull 1993; Jurik et al. 1994). The use of herbicides in rice 
fields of the Ebro Delta such as molinate, propanil and 2-4 MCP is the most common way to 
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control weeds (Echinochloa spp., Cyperus spp. and Scirpus spp.; (Mañosa et al. 2001), so 
herbicide content in DW treatment could also affect plant communities of the restored marsh. 
We also hypothesize that P. Distichum enhanced positive elevation change rates via 
fast root growth in the initial stages of the restored marsh development (i.e. within the first 
three years) (Anderson and Ehringer 2000; Wanyama et al. 2012). Both elevation change and 
MBB increased significantly in blocks closest to rice cultivation (block 3), where P. distichum 
colonization appears to originate from the earth berm edge that divided the adjacent rice field 
and the experimental study. The multivariate analysis results also pointed out this strong 
relationship between elevation change and both MAB and MBB along the component 2, 
which was explained by a secondary source of the variation due to block effects. On close 
examination, our results also point out that water levels may indirectly control elevation 
change influencing root growth in DW treatment. Prolonged higher water levels during the 
experiment may have caused a physiological stress reducing root productivity in higher water 
levels (Mendelssohn and Morris 2000). Both elevation change and MBB increased 
significantly with lower water levels in the DW treatment. Oppositely, there was a 30% 
decrease of soil water DO2 from 10 cm to 30 cm water level treatment that may reduce root 
growth. Finally, root growth could not affect vertical accretion rates because most of root 
growth may had occurred below the placed marker horizons and may only affect elevation 
change (Cahoon et al. 1999; Cahoon 2006). 
Our results support the idea that wetland restoration initiatives with the primary goal 
of maximize marsh elevation gain should consider the inclusion of vegetated buffers to 
mitigate or promote the edge effects of plant colonization (Murcia 1995; Wu and Mitsch 1998; 
Feagin and Wu 2006). Interestingly, P. distichum is considered a major weed of rice fields 
and restored marshes in Europe, Asia and the Pacific (Curcó 2000; CABI 2012). Though a 
vigorous invader of newly reclaimed marshland, this species is documented to be a minor 
contributor in natural and restored oligohaline marshes in mature succession stages (Comín 
et al. 2001; Curcó 2001). These findings suggest that initial invasions by this plant in the 
restored marshes (at least in the Ebro Delta) should not be of great concern and perhaps 
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even encouraged when the overarching goal of the marsh restoration is RSLR abatement and 
passive water treatment. 
Previous works have highlighted marsh ecosystems services providing coastal 
protection to human populations against storm surges and RSLR (Gedan et al. 2011; 
Shepard et al. 2011). Our study strongly supports the use of restored marshes as natural 
buffers against RSLR. Experimental marsh units receiving rice field drainage water balanced 
RSLR rates due to a combination of a significant mineral contribution (sediment input) to 
vertical accretion and high organic contribution (root production) to elevation change. To note, 
the restored marsh had higher overall mean values in both water type treatments of vertical 
accretion (11.5±0.8 and 15.5±0.6 mm yr-1) and elevation change (9.1±1.4 and 8.8±2.8 mm 
yr-1) than brackish natural marshes in the Ebro Delta. For example, in riverine sites, the 
average rate of vertical accretion and elevation change were 5.03±0.33 and 6.61±2.36 mmyr-1 
respectively (Ibáñez et al. 2010). Vertical accretion and elevation change rates in the restored 
marsh was also overall higher than in other brackish natural marshes located in Northwestern 
Mediterranean deltas such as the Po Delta (10.7±4.2 and 7.3±2.1 mm yr-1 respectively) and 
the Rhône Delta (12.5±3.2 and 11.4±3.2 mm yr-1 respectively) (Day et al. 2011). These 
findings suggest that the restored marsh results on higher vertical accretion and elevation 
change rates than natural marshes because of water input and turnover was large enough to 
favor sedimentation even under low suspended sediment availability. Using freshwater in 
marsh restoration projects located in sediment-deficient deltas and estuaries has the potential 
to be a positive option for the main restoration goals seeking to mitigate RSLR, since 
freshwater may enhance vertical accretion and elevation change via autogenic organic matter 
production (Nyman et al. 2006; Craft 2007; Neubauer 2008). 
 
  
CHAPTER 3. CHANGES IN NUTRIENT CONCENTRATION AND CARBON 
ACCUMULATION IN A MEDITERRANEAN RESTORED MARSH (EBRO DELTA, SPAIN) 
 
This chapter has been accepted in Ecological Engineering Journal 
Calvo-Cubero, J.; Ibáñez, C; Rovira, A.; Sharpe, P. and Reyes, E. 2014. Changes in nutrient 
concentration and carbon accumulation in a Mediterranean restored marsh (Ebro Delta, Spain). 
 
Abstract 
 
Eutrophication is now a serious environmental problem worldwide because it disrupts 
the metabolism of aquatic ecosystems. In the Ebro Delta, intensive rice farming during the 
20th century has increased coastal eutrophication and caused ecological and economic 
impacts. Marsh restoration is as an effective economic and ecological tool to remove nutrients 
from agricultural runoff, thereby limiting coastal eutrophication impacts and also providing 
other ecosystem services. The objective of this experimental study was to assess overall N 
and P concentration reduction, C accumulation and Si buffering in an oligohaline restored 
marsh receiving nutrient and sediment inputs from river irrigation and rice field drainage 
waters under different water levels. We established the experimental restored marsh in 
abandoned deltaic rice fields from August 2009 to June 2012. The study of changes in 
nutrient concentration was performed in 2010 from June to November. The study of nutrient 
and carbon accumulation was performed from August 2009 to May 2011. We used two 
freshwater input type treatments (riverine irrigation and rice field drainage water) and three 
water level treatments (10, 20 and 30 cm). Our results showed that higher water nutrient 
concentrations from rice fields caused significantly higher N-NH4+ and P-PO43- concentration 
reduction (80.76 ± 1.8 and 17.99 ± 3.92 % respectively). There was also an export in TP and 
P-PO43- (-45.08 ± 13.12 and -23.85 ± 8.15 %, respectively) in experimental marsh units 
receiving river irrigation waters. Significantly lower soil redox conditions and higher total 
maximum aboveground biomass in the IW treatment were associated with lower N-NO3- 
concentration reduction and higher Si-SiO2 concentration reduction (94.14 ± 0.72 and 58.54 ± 
1.08 % respectively) than the DW treatment. Higher sediment concentrations from rice fields 
were associated with higher C accumulation rates (126.10 ± 6.25 g m-2 yr-1) compared with 
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experimental marsh units receiving river irrigation waters (99.44 ± 8.23 g m-2 yr-1). Higher 
water levels also increased significantly P-PO43- and Si-SiO2 concentration reduction and C 
accumulation rates within both water type treatments. Our experimental study showed how 
multiple mechanisms control N and P concentration reduction, Si buffering and C 
accumulation. Plant growth may decrease the ability to reduce the input concentration of 
N-NO3- possibly due to denitrification inhibition via plant oxygenation of marsh soils. Plant 
uptake may favor Si buffering in the restored marsh, although high water levels may also 
control Si buffering through higher residence time for diatom uptake. This study indicates that 
Mediterranean oligohaline restored marshes removed N and P using both river irrigation and 
rice field drainage waters and also provide C accumulation and Si buffering services. The use 
of agriculture runoff as a primary source of nutrient and sediment is beneficial for marsh 
restoration projects focused on C accumulation. In general, higher water levels (20-30 cm) 
were better for nutrient concentration reduction and C accumulation, but higher water levels 
were also associated with lower plant biomass. 
 
Introduction 
 
Human development has accelerated the fluxes of nitrogen (N) and phosphorus (P) 
to estuarine and coastal waters (Nixon 1995; Rabalais 2002). Eutrophication of coastal 
ecosystems is now a serious environmental problem worldwide because it stimulates plant 
growth and disrupts the balance between the production and metabolism of organic matter 
(Cloern 2001;Howarth et al. 2011). The largest nutrient contribution to these areas is from 
non-point sources, especially those from agricultural land runoff (fertilizers) where solutions to 
reducing this source of eutrophication are a difficult and slow process (Carstensen et al. 
2006). In the European Union, the implementation of the Water Framework Directive (WFD) 
aims to improve the ecological status of aquatic ecosystems through measures devoted to 
reduce eutrophication and other environmental pressures. 
Marsh restoration is as an effective and ecological tool to support WFD goals and 
reestablish important ecosystem services (e.g. nutrient concentration reduction, carbon 
sequestration and biodiversity) (Zedler 2000; WRI 2005; McLeod et al. 2011). Constructed 
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and restored marshes can remove nutrients from agricultural sources, thereby limiting coastal 
eutrophication impacts (Woltemade 2000; Mitsch et al. 2001; Zedler 2003). In Mediterranean 
climate regions, constructed and restored marshes have shown to be an efficient water 
management option to reduce nutrients from urban wastewater and agricultural runoff 
(Busnardo et al. 1992; Comín et al. 2001; Moreno-Mateos et al. 2007; Díaz et al. 2012). 
However, few experimental restoration projects have attempted to assess the effects of 
nutrient concentration reduction in other marsh ecosystem services such as C sequestration 
and Si buffering (Gedan et al. 2009; Struyf and Conley 2012; Hefting et al. 2013). Coastal 
marshes are highly efficient at sequestrating carbon (C) due to their ability to trap and 
preserve soil organic matter (Chmura et al. 2003; McLeod et al. 2011; Hopkinson et al. 2012). 
Carbon sequestration rates in Mediterranean marshes may be generally controlled by 
hydroperiod and dominant vegetation (Callaway et al. 2012; Morris et al. 2013). N and P 
loads may also enhance C sequestration by stimulating plant organic contribution to marsh 
soils and sediment trapping (McKee and Mendelssohn 1989; Day et al. 2008; Kirwan and 
Megonigal 2013). However, excessive nutrient enrichment can also reduce marsh C 
sequestration due to plant root growth inhibition and increased decomposition (Turner 2011; 
Anisfeld and Hill 2012; Deegan et al. 2012).  
While upstream human activities generally increase coastal eutrophication, the 
availability of silicon (Si) often decreases due to coupled diatom proliferation and river 
damming, which increases sedimentation and the trapping of Si (Humborg et al. 2000). 
Unicellular algae species (e.g. dinoflagellates) associated with coastal harmful algae blooms 
(HABs) become favored as there is less competition for N and P with diatoms that are limited 
by this Si concentration reduction (Anderson et al. 2000; Sferratore et al. 2008). On the other 
hand, Si buffering in restored marshes can be enhanced by higher N and P loads, which may 
promote both diatom and plant growth. Marsh diatoms uptake dissolved Si, transform it to 
biogenic Si and export it to coastal waters (Hackney et al. 2000; Struyf et al. 2005; Struyf et al. 
2006; Weiss et al. 2013). Oligohaline marsh plants, such as Scirpus spp. and Phragmites 
australis (Cav.) Steudel, may also uptake dissolved Si as they require high Si content for 
structural support (Hodson et al. 2005). 
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In the Ebro Delta and other Mediterranean deltas, intensive rice farming during the 
20th century has contributed to coastal eutrophication and created adverse water quality 
impacts on other economic activities, e.g. aquaculture (SEO/BirdLife 1997). In addition, the 
Ebro River flow is highly regulated by a series of 170 dams during 1960s used for 
hydroelectric power and water supply (Rovira and Ibáñez 2007). Both rice field drainage 
waters and dam regulation have caused changes in nutrient, plankton and macroalgae 
dynamics in the Ebro Delta waters (Menéndez and Comín 2000; Falcó et al. 2010; Llebot et 
al. 2010; Rovira et al. 2012). HABs have been occurring in the Ebro Delta bays during the last 
3 decades similarly to other areas of the Northwest Mediterranean coast (Delgado et al. 1990; 
Vila et al. 2001; Satta et al. 2013). Rice field drainage waters also deliver high dissolved 
inorganic nitrogen concentrations (≈ 0.5–1.5 mg N L-1), mostly in two periods, one at the 
beginning (May-June) and the other at the end (September-October) of the cultivation season 
when the fields are fertilized and drained respectively (Forés 1992; Muñoz 1998; Comín et al. 
2001). However, rice fields in the Ebro Delta may also act as filters of the riverine irrigation 
waters during the rest of the cultivation season before these waters irrigate the marshes 
(Forés 1989).  
During the last decade, several public efforts have restored unproductive rice fields to 
marshes in the Ebro Delta using river irrigation water or rice field drainage waters (MARM 
2006; Ibáñez and Bertolero 2009). However, no previous experimental studies in the Ebro 
Delta and other Mediterranean wetlands have been performed on factors controlling N and P 
concentration reduction, Si buffering, and C accumulation in restored marshes. The objective 
of this experimental study was to assess N and P concentration reduction, C accumulation 
and Si buffering in an oligohaline restored marsh receiving nutrients and sediment inputs from 
river irrigation and rice field drainage waters under different water levels. We conducted an 
experimental field study in a newly established oligohaline restored marsh using two different 
freshwater input types (riverine irrigation and rice field drainage water) and three water levels 
(10, 20 and 30 cm deep). Additionally, rice field nutrient concentration reduction was also 
estimated by comparing concentrations of the irrigation and drainage waters. 
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Methods 
 
Experimental design 
 
The field experiment was carried out during three years in a newly established 
restored marsh from an abandoned organic rice field located in the Ebro Delta, located in the 
Northeastern Mediterranean coast of Spain (40039'90" N, 0046'22"E) (Calvo-Cubero et al. 
2013) (Figure 2.1). The field experiment was established between an active organic rice field 
and a previously restored marsh dominated by Phragmites australis (Cav.) and Typha spp. 
(Figure 2.1). A partly nested experimental design using 72 experimental marsh units (100 m2 
each) was performed to assess N, P and Si concentration reduction and C accumulation as a 
function of water type and water level factors (Figure 2.2). Water type included 2 treatments: 
riverine irrigation water (IW) and rice field drainage water (DW) applied to 36 experimental 
marsh units for each treatment. The water level factor included 3 water level treatments of 10, 
20, and 30 cm depth. Water levels were applied in experimental marsh units inside each 
water type using a complete randomized block design with three blocks. A block design was 
applied to account for the potential plant colonization from the adjacent organic rice field land 
that may affect response variables (Figure 2.2). Freshwater from both IW and DW favored the 
development of a helophytic marsh dominated by Scirpus maritimus L. although the fast 
growing ruderal plant Paspalum distichum L. also colonized the restored marsh from adjacent 
rice fields (Calvo-Cubero et al. 2013). The seasonal flooding of the experiment coincided with 
the rice cultivation flooding (from May to December). Nutrient data from the drainage and 
irrigation water inputs to the experimental marshes was also used to assess the nutrient 
concentration reduction associated to the rice fields within the drainage area where the farm 
is located. The experiment was initiated in August 2009 and ran for 3 years, as part of a wider 
investigation on marsh accretion dynamics. The study of changes in nutrient concentration 
was performed in 2010 from June to November. The study of nutrient and carbon 
accumulation was performed from August 2009 to May 2011. (See chapter 2 for a detailed 
account of experimental design). 
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Water, soil and plant biomass analysis 
 
Physical and chemical water parameters from the surface and sub-soil were analyzed 
monthly during 2010 from a subset of 26 randomly selected experimental marsh units (Figure 
2.2) using shallow wells (0.5 m depth). Temperature, pH, dissolved oxygen (DO), 
oxidation-reduction potential (ORP) and conductivity were measured using an YSI 556 
multiprobe (YSI incorporated, Yellow Springs, Ohio, USA). To analyze water nutrient response 
among treatments, water inflow samples were collected monthly during 2010 from June to 
November (flooding season) in each water type inflow (3 monthly samples) and a water 
outflow sample from each experimental marsh units (72 monthly samples). Total nutrients (TN 
and TP) and inorganic dissolved nutrients (N-NO3-, N-NH4+, P-PO43-, Si-SiO2) were analyzed 
following Grasshoff et al. 1999. To analyze N, P and C content and accumulation among 
treatments, superficial soil core samples (above marker horizons) were collected in May 2011 
within a 36 experimental marsh units subset. Total Kjeldahl nitrogen (TKN), total phosphorus 
(TP) and total organic carbon (TOC) in soils were analyzed following standard chemical 
protocols (ISO10694 1995; EN13342 2000; ISO17294-2 2003). Soil TKN, TP and TOC 
accumulation rates in the experimental marsh units were also calculated using soil nutrient 
content measurements with both bulk density and vertical accretion rates calculated by 
Calvo-Cubero et al. (2013). Maximum aboveground biomass (MAB) by species was sampled 
in August 2010 to analyze plant growth response among treatments that may also affect 
nutrient concentration reduction and C accumulation. MAB was analyzed following a direct 
harvest method (Schubauer and Hopkinson 1984). Three random MAB subsamples of 0.25 
m2 were sampled inside each 72 experimental marsh units. Plants were separated by 
species, dried to constant weight (at 60 ºC) and weighted to the nearest 0.1 g.  
 
Statistical analysis 
 
Water nutrient concentration reduction in the experimental marshes and rice fields 
was calculated through the following equation (Kadlec and Wallace 2008): 
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% Concentration reduction = 100 x ((Ci – Co)/Ci ) 
where Ci is the average of nutrient concentration of the water type inflow and Co is the 
nutrient concentration of the water outflow. In rice fields, Ci was the average nutrient 
concentration of the river irrigation water and Co is the nutrient concentration of rice field 
drainage water.  
To test nutrient concentration differences between water type inflows a repeated 
measure analysis of variance (RM-ANOVA) of fixed effects (Type III test) was performed on 
the monthly water inflow nutrient concentration (N-NO3-, N-NH4+, P-PO43- and Si-SiO2) for the 
flooding season. A planned contrast analysis was performed to test trends of water inflow 
nutrient concentration (i.e. linear, quadratic and cubic) for each water type treatment along the 
flooding season (Quinn and Keough 2002). A partly nested ANOVA of fixed effects (Type III 
test) was performed to test the response of mean surface and soil water parameters 
(temperature, pH, DO, ORP and conductivity) that may affect nutrient concentration reduction, 
Si buffering and C accumulation. A partly nested ANOVA was also used to test the response 
of MAB (total, S. maritimus and P. distichum), mean nutrient concentration reduction (% 
concentration of N-NO3-, N-NH4+, P-PO43 and Si-SiO2) and soil nutrient content and 
accumulation (TKN, TP and TOC) among water types and water levels (Quinn and Keough 
2002). In addition, differences among blocks were analysed to test the effect of P. distichum 
colonization. In the presence of significant differences (α<0.05) on the ANOVA results among 
water levels and block effects, Tukey pairwise comparisons were performed within each water 
type treatment. Statistical analyses were performed using SPSS software (IBM 2010). 
 
Results 
 
Water characteristics 
 
The RM-ANOVA of water type inflows indicated that the IW inflow had significantly 
higher N-NO3- concentration and the DW inflow had significantly higher TP and N-NH4+ 
concentration (Figure 3.1). Trend analysis by planned contrasts showed a significant linear 
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decrease in TN and TP in the DW inflow along the flooding season (Figure 3.1). The trend in 
N-NO3- displayed a cubic function for both water type inflows, with minimum values in July 
and maximum in October (Figure 3.1). There was a significant linear decrease along the 
flooding season of N-NH4+ in the DW inflow (Figure 3.1). P-PO43- decreased significantly and 
linearly in both water type inflows with a maximum peak in July (Figure 3.1). Si-SiO2 had a 
significant quadratic trend in both water inflows with maximum peaks in October and 
September, respectively (Figure 3.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. Results of the Repeated Measures ANOVA (mean ± SE) between water type inflows during the flooding 
season. Results on total nutrient concentration (TN and TN) and dissolved inorganic nutrient concentration (N-NO3-, 
N-NH4+, P-PO43-, and Si-SiO2) are shown. An asterisk indicates significance level (α=0.05) between water type 
inflows. Results of the planned contrast test (α=0.05) to analyze trends in each water type inflow are also shown: 
linear (†), quadratic (††) or cubic (†††). 
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Table 3.1. Mean and standard error of surface and 
soil water characteristics in 2010 in the restored 
marsh as a function of water types, water levels 
and block effects. An asterisk indicates significant 
differences (α=0.05). For the significant main 
effects of the ANOVA results, among water levels 
and block effects, a Tukey pairwise test was 
applied within each water type treatment and 
significant pairwise differences (α=0.05) were 
denoted by different letters. Bold numbers indicate 
significant effects. 
 
40 
 
 
The Restored marsh had oligohaline surface waters and hyperhaline soil waters (0.5 
m depth) (Table 3.1). The Restored marsh had oxygenated surface waters and 
sub-oxygenated soil waters (Table 3.1). Soil ORP and conductivity were significantly higher in 
the IW treatment (Tables 3.1 and 3.2). Soil DO was not significantly between treatments and 
soil DO and ORP were not significantly to water levels (Tables 3.1 and 3.2). In addition, both 
soil DO and ORP also increased significantly in blocks closer to the rice field, as well as P. 
distichum MAB in the DW treatment (Tables 3.1 and 3.2). Pairwise comparisons showed that 
soil DO and ORP were significantly higher in block 3 than in block 1 and block 2 (Table 3.2). 
 
Plant biomass response among treatments 
 
Total MAB was significantly higher in the IW than in the DW treatment (1,638.94 ± 
121.49 and 633.28 ± 64.74 g m-2, respectively) mainly due to S. maritimus contribution and 
there was no significant effect due to water levels and blocks (Table 3.2). S. maritimus MAB 
was significantly higher in the IW than the DW treatment (1,085.97 ± 112.08 and 316.08 ± 
31.53 g m-2, respectively). S. maritimus MAB was also significantly different among blocks but 
not among water levels (Table 3.2). Pairwise comparisons showed a significant decrease of 
S. maritimus MAB in blocks closer to the rice field in both water treatments (Figure 3.4B). In 
the IW treatment, S. maritimus MAB was significantly lower in block 3 than block 1 and 2. In 
the DW treatment, S. maritimus MAB also was significantly lower in block 3 than block 2. P. 
distichum MAB was not significantly different between IW and DW treatments (289.58 ± 
103.45 and 205.49 ± 60.94 g m-2, respectively) and water levels, but there were significantly 
differences among blocks (Table 3.2). Pairwise comparisons showed an increase of P. 
distichum MAB in blocks closer to the rice field due to plant colonization, though only in the 
IW treatment it was significant (Figure 3.4B). 
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Figure 3.2. Partly Nested ANOVA results of mean (± SE) maximum aboveground biomass (MAB) in 2010: Total, 
Scirpus maritimus L. and Paspalum distichum L. response among water types, water levels and block effects. When 
significant main effects (α=0.05) on ANOVA results among water levels and block effects were found, a Tukey 
pairwise test was applied within each water type treatment; significant pairwise differences (α=0.05) are denoted by 
different letters. 
 
A. Surface water parameters Among water types Among water levels Among block effects 
F df P F df P F df P 
Temperature 2.23 1,18 0.15 1.63 2,18 0.27 1.28 4,18 0.31 
pH 1.31 1.18 0.27 2.51 2,18 0.11 0.85 4,18 0.51 
Dissolved oxygen 0.01 1,18 0.975 2.09 2,18 0.15 2.15 4.18 0.12 
Oxygen potential redox 2.70 1,18 0.12 1.07 2,18 0.36 0.62 4,18 0.61 
Conductivity 1.59 1,18 0.22 2.67 2,18 0.096 0.96 4,18 0.45 
B. Soil water parameters    
Temperature 1.66 1,18 0.75 0.85 2,18 0.51 0.64 4,18 0.64 
pH 0.05 1.18 0.82 0.91 2,18 0.49 0.88 4,18 0.49 
Dissolved oxygen 1.79 1,18 0.20 2.13 2,18 0.15 3.52 4.18 0.03 
Oxygen potential redox 8.36 1,18 0.01 0.67 2,18 0.94 3.61 4,18 0.02 
Conductivity 6.36 1,18 0.02 1.52 2,18 0.25 2.44 4,18 0.08 
C. Plant biomass    
Total MAB 50.12 1,64 <0.01 0.21 2,64 0.81 0.37 4,64 0.83 
Scirpus maritimus MAB 70.70 1,64 <0.01 0.57 2,64 0.57 12.01 4,64 <0.01 
Paspalum distichum MAB 0.64 1,64 0.43 0.55 2,64 0.58 6.58 4,64 <0.01 
D. Nutrient concentration 
reduction 
   
TN 0.69 1,64 0.41 0.79 2,64 0.46 1.64 4,64 0.17 
N-NO3- 5.64 1,64 0.02 0.75 2,64 0.47 2.23 4,64 0.075 
N-NH4+ 164.56 1,64 <0.01 1.84 2,64 0.17 3.19 4,64 0.02 
TP 53.85 1,64 <0.01 1.83 2,64 0.17 3.21 4,64 0.02 
P-PO43- 41.96 1,64 <0.01 5.12 2,64 0.01 0.58 4,64 0.68 
Si-SiO2- 57.29 1,64 <0.01 9.12 2,64 <0.01 5.41 4,64 <0.01 
F. Soil nutrient content    
TKN 1.73 1,26 0.20 1.41 2,26 0.26 4.25 4,26 0.01 
TP 0.01 1,26 0.95 2.44 2,26 0.44 1.11 4,26 0.37 
TOC 4.54 1,26 0.04 0.49 2,26 0.62 1.51 4,26 0.23 
F. Soil nutrient accumulation    
TKN 8.85 1,26 <0.01 0.54 2,26 0.59 3.36 4,26 0.02 
TP 14.12 1,26 <0.01 1.46 2,26 0.25 1.30 4,26 0.29 
TOC 4.48 1,26 0.04 0.41 2,26 0.67 1.39 4,26 0.27 
Table 3.2. Partly nested ANOVA results (F, df and P-values) of soil water parameters, plant biomass, nutrient 
reduction, soil nutrient content and accumulation response among water types, water levels and block effects. Bold 
numbers indicate significant effects. 
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Nutrient concentration reduction response among treatments 
 
The partly nested ANOVA results of mean nutrient concentration reduction showed 
significant differences between water types in N-NO3-, N-NH4+, TP, P-PO43- and Si-SiO2 (Table 
3.2)
. 
There were not significant differences of TN concentration reduction among water types, 
water levels and blocks (Table 3.2). N-NO3- concentration reduction showed significant 
differences among water types and blocks but not among water levels (Table 3.2). N-NO3- 
concentration reduction was significantly lower in the IW treatment (94.14 ± 0.72 %) than the 
DW treatment (96.10 ± 0.35 %; Table 3.2). In the DW treatment, N-NO3- concentration 
reduction decreased significantly in blocks closer to the rice field (pairwise comparisons, 
Tukey test) (Figure 3.3B). N-NH4+ concentration reduction also showed significant differences 
among water types and blocks but not among water levels (Table 3.2). N-NH4+ concentration 
reduction were significantly lower in the IW treatment (35.34 ± 3.54 %) than the DW treatment 
(80.76 ± 1.8 %; Table 3.2). In the IW treatment, block 2 had significantly higher N-NH4+ 
concentration reduction than block 1 (Figure 3.3B).  
Both TP and P-PO43- concentration reduction were significantly lower in the IW 
treatment (-45.08 ± 13.12 and -23.85 ± 8.15 %, respectively) than the DW treatment (49.96 ± 
3.95 and 17.99 ± 3.92 %, respectively) (Table 3.2). A negative concentration reduction in the 
IW treatment indicates a net export of both TP and P-PO43-. There were no significant 
differences in TP concentration reduction for water levels but there was a block effect (Table 
3.2). In the IW treatment, TP concentration reduction was significantly higher in block 2 than 
in block 1 (Figure 3.3B). There were significant differences in P-PO43- concentration reduction 
between water levels but there was not a block effect (Table 3.2). Pairwise comparisons 
showed that P-PO43- concentration reduction increased significantly in higher water levels in 
both water type treatments (Figure 3.3A). Si-SiO2 concentration reduction was significantly 
higher in the IW treatment (58.54 ± 1.08 %) than the DW treatment (40.62 ± 2.12 %; Table 
3.2). There were also significant differences between water levels and blocks (Table 3.2). In 
both water type treatments, Si-SiO2 concentration reduction increased significantly in higher 
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water levels and decreased significantly in blocks closer to the rice field (Figure 3.3A and 
3.3B).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3. Results of the partly nested ANOVA (mean ± SE) on seasonal nutrient concentration reduction response 
among water types, water levels and blocks. When significant main effects (α=0.05) on ANOVA results among water 
levels and block effects were found, a Tukey pairwise test was applied within each water type treatment; significant 
pairwise differences (α=0.05) are denoted by different letters. 
 
Soil nutrient content and accumulation response among treatments 
 
Soil TKN content showed no significant differences among water types and water 
levels (Table 3.2) but it showed significant differences among blocks (Figure 3.4B, and table 
3.2). Pairwise comparisons showed significantly higher soil TKN content in block 2 than block 
1 and 3 in both water type treatments (Figure 3.4B). Soil TP content showed no significant 
differences among water types, water levels and blocks (Table 3.2). Soil TOC content was 
significantly lower in the IW treatment (42.39 ± 0.92 g kg-1) than the DW treatment (46.67 ± 
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1.5 g kg-1) (Table 3.2). Soil TOC content showed no significant differences among water 
levels, nor was there a significant block effect (Table 3.2).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4. Results of the partly 
nested ANOVA (mean ± SE) of soil 
nutrient content (TOC, TKN, TP) 
response among water types, water 
levels and blocks. Tukey pairwise 
comparison was tested within each 
water type treatment and significant 
pairwise differences (α=0.05) are 
denoted by different letters. 
 
Soil TKN accumulation was significantly lower in the IW treatment (12.06 ± 0.65 g m-2 
yr-1) than the DW treatment (16.11 ± 0.63 g m-2 yr-1) (Table 3.2). There were not significant 
differences among water levels (Table 3.2) but soil TKN accumulation was significantly 
different among blocks (Figure 3.5B and table 3.2). In the DW treatment, soil TKN 
accumulation was significantly higher in block 2 than in blocks 1 and 3 (Figure 3.5B). Soil TP 
accumulation was significantly lower in the IW treatment (2.69 ± 0.19 g m-2 yr-1) than in the 
DW treatment (3.72 ± 0.15 g m-2 yr-1) (Table 3.2). There were not significant differences in soil 
TP accumulation among water levels and nor was there a significant block effect (Table 3.2). 
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Soil TOC accumulation was significantly lower in the IW treatment (99.44 ± 8.23 g m-2 yr-1) 
than the DW treatment (126.10 ± 6.25 g m-2 yr-1) (Table 3.2). There were not significant 
differences in soil TOC accumulation among water levels and nor was there a significant 
block effect (Table 3.2). 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. Results of the partly 
nested ANOVA (mean ± SE) on soil 
nutrient accumulation (TKN, TP 
and TOC) response among water 
types, water levels and blocks. 
Tukey pairwise comparisons were 
tested within each water type 
treatment and significant pairwise 
differences (α=0.05) are denoted 
by different letters. 
 
Effects of rice fields on nutrient concentration reduction 
 
The estimation of rice field nutrient concentration reduction considering differences 
between irrigation and drainage water inflows along the flooding season (Figure 3.6) indicated 
an overall N-NO3- concentration reduction (65.81 %), with a net export of TN, N-NH4+, TP and 
P-PO43- (-6.70, -309.43,-144.92 and -32.06 %, respectively) and a balance of Si-SiO2 (0.28 
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%). There was a higher net export of N-NH4+ and TP in the beginning of the rice cultivation 
season. TN concentration reduction increased along the rice cultivation season and P-PO43- 
and Si-SiO2 showed higher net export in August and September. Rice fields had similar 
N-NO3- concentration reduction along the flooding season (Figure 3.6). 
 
 
 
 
 
 
 
 
 
Figure 3.6. Results on rice field nutrient concentration reduction along the flooding season; total nutrient (TN and TP) 
and dissolved inorganic nutrient reduction (P-PO43-, N-NO3-, N-NH4+ and Si-SiO2-) are shown. 
 
Discussion 
 
Marsh restoration from marginal or unproductive agriculture lands is an option that 
can help reverse human impacts by providing several ecosystem services such as N and P 
concentration reduction, Si buffering, C accumulation, coastal flood protection and greater 
biodiversity (Woltemade 2000; Comín et al. 2001; Zedler 2003). Marsh restoration initiatives 
require an integrative approach with simultaneous consideration of all potential ecosystem 
services, since not all restored marshes perform all services equally well and often fall short 
of their natural levels of functioning and biodiversity (Zedler 2000; Gedan et al. 2009). In this 
study, a newly established oligohaline restored marsh receiving higher dissolved and 
particulate nutrient concentrations from rice field drainage waters than river irrigation waters 
acted as highly efficient N and P filters and at the same time contributed to Si buffering and C 
accumulation. Experimental marsh units with higher water levels also favor Si buffering and 
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soil C accumulation. Interestingly, in some cases (TP and N-NH4+) the concentration reduction 
in DW were higher than in IW even with higher nutrient concentrations, contrary to what was 
expected in principle; this could be due to the higher accretion rates found in experimental 
marsh units receiving drainage waters (chapter 1). 
Natural and restored freshwater marshes have a wide range of N and P concentration 
reduction efficiencies, although P concentration reduction generally is lower, suggesting that 
site-specific characteristics of marsh design and function are critical on the concentration 
reduction efficiency (Woltemade 2000; Mitsch et al. 2005; Vymazal 2007; Kadlec and Wallace 
2008). In our study, experimental marsh units receiving rice field drainage waters acted as N 
and P filters: TN (50.66 ± 3.85 %), N-NO3- (96.10 ± 0.35 %), N-NH4+ (80.76 ± 1.8 %), TP 
(49.96 ± 3.95) and P-PO43- (17.99 ± 3.92 %). These values are similar to previous studies in 
the Ebro Delta, where usually 50-98 % of the N and less than 50% of P exported from rice 
fields were removed by restored marshes (Comín et al. 1997; Comín et al. 2001). The study 
also showed that higher sediment concentrations from rice field drainage waters enhances C 
accumulation in the restored marsh. After two years since the establishment of the restored 
marsh, C accumulation rates in both water type treatments (99.44 and 126.10 g m-2 yr-1) 
showed similar values when compared to global estimates for freshwater marshes (118 g m-2 
yr-1) (Mitsch et al. 2013) but half of salt marshes (210 g m-2 yr-1) (Chmura et al. 2003). 
Oligohaline restored marshes may increase C accumulation rates along marsh development if 
we consider that young marshes are generally driven by mineral soil contribution while mature 
marshes present a higher organic soil contribution (Brinson et al. 1995; Craft et al. 2003). 
 
Nutrient-sediment input effects on nutrient concentration reduction and soil 
accumulation 
 
Our results showed that rice fields removed N-NO3- (65.81 %) mostly in the beginning 
of the cultivation season but they strongly exported N-NH4+ along the cultivation season 
(-144.92 %) to the restored marsh. Rice fields also exported TP and P-PO43- (-39.43 and 
-32.06 %, respectively) mostly in the beginning of the cultivation season. Interestingly, 
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experimental marsh units receiving N and P nutrient concentrations from rice field drainage 
waters had significantly higher N-NH4+, TP and P-PO43- concentration reduction. A mean 
export (negative concentration reduction) in TP and P-PO43- in the IW treatment suggests that 
the newly established restored marsh was not P limited and P might be only retained via soil 
accumulation when the restored marsh have higher accretion rates receiving higher sediment 
concentrations from rice field drainage waters. As expected, N-NO3- concentration reduction 
in the IW treatment were lower than in the DW treatment, as a consequence of the higher 
N-NO3- concentrations in the IW treatment. It is well known that N-NO3- retention efficiency in 
wetlands is inversely proportional to inflow concentration (Spieles and Mitsch 2000; 
García-García et al. 2009). Lower N-NO3 concentration reduction in the IW treatment could 
be also influenced by higher plant growth, which may reduce denitrification due to the plant 
ability to oxygenate their rhizosphere leading to significantly higher redox potential (Armstrong 
1979; Cronk and Siobhan Fennessy 2001; Song et al. 2013). Denitrification is the 
predominant N-NO3- concentration reduction pathway in most marshes since this microbial 
process remove N-NO3 from soil system under anaerobic conditions (Burgin and Hamilton 
2007). Results also suggest that plant growth increased Si-SiO2 concentration reduction via 
plant uptake. The IW treatment with the higher MAB of S. maritimus had a higher Si-SiO2 
concentration reduction. This result is also supported by the significantly higher Si-SiO2 
concentration reduction in blocks far from the rice field, where S. maritimus MAB was also 
higher. These results are consistent with the high Si requirements of Scirpus spp. for 
structural support (Hodson et al. 2005). 
Higher sediment concentrations (both organic and inorganic) from rice field drainage 
waters also enhanced N, P and C accumulation in the newly established restored marsh. As 
other studies have suggested, sediment deposition can be the main factor for importing 
allogenic organic matter into marsh soils, and it enhances organic C accumulation and N and 
P concentration reduction through burial (Stevenson et al. 1988; Craft 2007; Neubauer 2008). 
Our results displayed an overall increase of TKN, TP and TOC accumulation in the DW 
treatment receiving higher sediment inputs in comparison with the IW treatment. Both TOC 
content and accumulation increased significantly in the DW treatment although there was 
49 
 
 
significantly lower total MAB. We hypothesized that rice field drainage waters may reduce 
plant biomass, at least during initial marsh development, because herbicides may reduce 
plant germination and growth of native plant species (e.g. S. maritimus and S. litoralis), as 
other studies have also suggested (Reynoldson and Zarull 1993; Mañosa et al. 2001). In 
addition, root contribution to C accumulation was also reduced in the experimental marsh 
units receiving higher nutrient inputs from drainage waters (Calvo-Cubero et al. 2013) 
similarly to what other studies suggest (Turner 2011; Anisfeld and Hill 2012). 
 
Water level effects on nutrient concentration reduction and soil accumulation 
 
Our study highlights the relevance of flooding conditions on P-PO43- concentration reduction, 
Si buffering and C accumulation (Fisher and Acreman 2004; Keddy 2010). Greater water 
levels provide higher residence time favouring P-PO43- sorption onto soil particles and 
sedimentation (Reddy et al. 1999; Zedler and Kercher 2005; Kadlec and Wallace 2008). In 
our study, higher water levels significantly increased P-PO43- concentration reduction (or 
decreased export) in both water type treatments. As well, Si-SiO2 concentration reduction 
significantly increased in higher water levels in both water type treatments despite S. 
maritimus MAB did not increase similarly. One possible explanation for higher Si-SiO2 
concentration reduction under higher water levels even with lower S. maritimus biomass is 
that higher water levels likely favored diatom uptake through longer residence time. Diatoms 
(Bacillarophyceae) are the most common biological sinks for Si (Struyf and Conley 2009). 
Higher Si-SiO2- concentration reduction in higher water levels may indicate that diatoms 
uptake dissolved Si from marsh waters and transform it into biogenic Si with subsequent 
export to coastal waters (Scudlark and Church 1989; Struyf et al. 2006). Our results also point 
out that higher water levels enhanced N, P and C accumulation in DW treatment, likely due to 
longer residence time for sedimentation, but differences were not statistically significant. 
However, higher water levels also reduced significantly root growth (Calvo-Cubero et al. 
2013). So, higher water levels may reduce C accumulation due to root contribution and 
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compromise the ability of restored marshes to deal with storms and RSLR, as other studies 
suggest (Morris et al. 2002; Nyman et al. 2006; Mudd et al. 2009).  
 
Management implications 
 
This study shows that the Mediterranean oligohaline restored marsh removes N and P from 
both river irrigation and rice field drainage waters. The use of agriculture runoff as a primary 
source of nutrient and sediment is also beneficial for marsh restoration projects focused on C 
sequestration, since higher suspended sediments favour soil accretion. This research also 
highlights that oligohaline marsh plant communities also favour Si buffering via plant uptake 
from both river and rice field waters. In general, higher water levels (20-30 cm) are better for 
nutrient concentration reduction and C accumulation, but higher water levels were also 
associated with lower plant biomass. Thus, in order to optimize both nutrient concentration 
reduction and C sequestration in marsh soils a careful assessment of C soil content including 
root biomass has to be carried out.  
 
  
CHAPTER 4. CHANGES IN METAL WATER CONCENTRATION REDUCTION AND SOIL 
ACCUMULATION IN A MEDITERRANEAN RESTORED MARSH (EBRO DELTA, SPAIN) 
 
Abstract 
 
Historical industrial and agricultural development in Mediterranean river basins has 
resulted in significant metal pollution of estuarine and coastal ecosystems resulting in severe 
ecotoxicological effects on wildlife and human health. In the Ebro Delta, both industrial 
wastewater and agricultural runoff are important sources of metals. Intensive agricultural 
development (e.g. rice, vines, olives and orchards) in the lower Ebro River and the Ebro Delta 
has caused metal pollution in coastal waters and bioaccumulation in wildlife and commercial 
species. Marsh restoration is as an effective tool to support the water policy goals and remove 
metals from agricultural runoff via soil accumulation and plant uptake. The objective of this 
study was to assess metal concentration reduction and soil accumulation in an oligohaline 
restored marsh receiving metals and sediment concentrations from river irrigation and rice 
field drainage waters under different water levels. We established the experimental restored 
marsh in abandoned deltaic rice fields for 3 years. The study of changes in metal 
concentration was performed in June 2010. The study of metal soil accumulation was 
performed from August 2009 to May 2011. (See chapter 2 for a detailed account of 
experimental design). We used two freshwater input type treatments (riverine irrigation and 
rice field drainage water) and three water level treatments (10, 20 and 30 cm). Our results 
showed that significantly higher Mn, Pb and Zn concentrations from rice fields caused 
significantly higher percentage of concentration reduction (47.4 ± 9.2, 44.1 ± 4.5 and 23.7 ± 
4.6 % respectively). Significantly higher Cu concentrations from irrigation waters also caused 
significantly higher Cu concentration reduction (85 ± 0.5 %). There were significantly higher 
Co, Cr, Cu, Ni, Pb, V and Zn soil content (7.5 ± 0.2, 28.7 ± 1.1, 27.8 ± 1.1, 20.6 ± 0.6, 18.8 ± 
0.7, 32.6 ± 1.8 and 61.5 ± 1.9 mg Kg-1 respectively) in experimental marsh units receiving 
river irrigation waters. There were a significant increase of As, Ba, Cr, Cu, Ni, Pb, V and Zn 
accumulation rates (32.1 ± 2.3, 316.1 ± 20.5, 84.0 ± 5.1, 81.5 ± 4.9, 60.4 ± 3.3, 55.1 ± 3.2, 
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95.1 ± 6.7 and 179.9 ± 9.8 g m-2 yr-1 respectively) in experimental marsh units receiving rice 
field drainage waters due to higher sediment concentrations. Our experimental study showed 
that the restored marsh removed metals via soil accumulation although low Hg soil content in 
both water type treatments (0.07 ± 0.01 and 0.06 ± 0.01 mg Kg-1 respectively) also suggest 
the newly established restored marsh are a source of Hg, possibly accumulated in 
pre-restored rice field soils. Our results suggest that plant growth was the main mechanism 
controlling metal soil content due to plant oxygenation of marsh soil. This mechanism may 
enhance oxidative adsorption with organic matter and co-precipitation with Mn- and 
Fe-hydroxides and oxyhydroxides. Results point out the use of agriculture runoff as a primary 
source of sediment is also beneficial to favour metal accumulation in marsh soils and thus the 
use of restored marshes as filters in estuarine and coastal areas.  
 
Introduction 
 
 
Historical industrial and agricultural development in Mediterranean river basins has 
resulted in significant metal pollution of estuarine and coastal ecosystems (Mañosa et al. 
2001; Carafa et al. 2011; López-Doval et al. 2013). Metals can cause ecotoxicological effects 
on wildlife and human health through bioaccumulation in trophic webs (e.g. Enserink et al. 
1991; Vijver et al. 2004; Geiger et al. 2005). In the European Union, the Water Framework 
Directive (WFD) requires Member States to take actions to achieve the good ecological status 
of river, estuarine and coastal waters (EU 2000). As transitional zones between riverine and 
marine waters, estuaries and deltas are generally considered pollution hotspots because they 
are natural filters for pollutants such as nutrients, metals, and organic compounds (Windom et 
al. 1991; Audry et al. 2007; Teuchies et al. 2013). Metals entering the estuary are mainly 
associated with sediments by adsorption onto the fine grained fraction of suspended solids 
(e.g. clays and particulate organic matter). Sediments and associated metals deposit in low 
hydrodynamic energy areas such as marshes and mud flats, which gradually accrete and 
accumulate metals removing them from the surface waters (Williams et al. 1994). However, 
few studies have attempted to quantify metal removal in Mediterranean type oligohaline 
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marshes (Sinicrope et al. 1992; López-Flores et al. 2003; Almeida et al. 2006; Hafeznezami et 
al. 2012). 
Marsh restoration in marginal agricultural fields offers an opportunity to reverse 
landscape degradation and regain ecosystem services (e.g. carbon sequestration, pollutant 
removal and biodiversity) (Woltemade 2000; Zedler 2003; Moreno-Mateos et al. 2007). 
Restored marshes can be designed to take advantage of many natural subsystems (e.g. 
hydrology, soil and vegetation) to improve metal removals, within a controlled environment 
protecting adjacent aquatic ecosystems (Vymazal 2005; Hafeznezami et al. 2012; Teuchies et 
al. 2012). Metal removal in marshes is primarily dependent on flooding, which controls soil 
redox. In surface oxidized marsh soils, oxides and oxyhydroxides form and can remove 
metals from water via adsorption with organic matter and clays as well as co-precipitation 
forming metal/oxide complexes (Benjamin and Leckie 1981; Bradl 2004). In contrast, in 
sub-surface anoxic marsh soils the anaerobic conditions favor soil metal removal due to metal 
precipitation as insoluble sulfide complexes (Jackson et al. 1978). Marsh soil accretion is also 
critical to promote metal accumulation in marshes (Teuchies et al. 2013). Soil marsh 
composition can also influence metal removal due to the fact that clays and organic matter 
can immobilize metals by binding and adsorption processes (Gambrell 1994). Plants can 
uptake metals from soils and thus used as a phytoremediation tool (Weis and Weis 2004). 
Plant’s ability to oxygenate their rhizosphere can also influence metal removal by causing 
changes in pH and redox (Armstrong 1979; Cronk and Siobhan Fennessy 2001 ). 
In the Ebro Delta, both upstream industrial wastewater discharges and agricultural 
runoff are important sources of metals. Since its construction in 1945, the Flix reservoir (95 
km upstream from the Ebro Delta) has accumulated an estimated 700,000 m3 of sediment 
contaminated with metals (Hg, Cu, Cr, Pb, As, Cd, Ni and Zn) originated from upstream and 
adjacent industrial factories (Bosch et al. 2009). Intensive agricultural development (e.g. rice, 
vines, olives and orchards) in the lower Ebro River and the Ebro Delta are also an important 
source of metals due to pesticide and fertilizer use (Mañosa et al. 2001; Terrado et al. 2006; 
Rodríguez et al. 2008). Furthermore, high densities of lead pellets (range from <8900 to 
2,661,000 shot ha-1) were reported in the soil surface as result of intense waterfowl hunting 
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practiced in the Delta (Mateo et al. 1997). As a consequence, several studies have 
documented ecotoxicological effects in aquatic wildlife and commercial species in the Ebro 
Delta (Cotín et al. 2012; García-Tarrasón et al. 2013; Ochoa et al. 2013). However, the use of 
agriculture runoff as a primary source of nutrient and sediment in restored marshes can 
provide overall ecosystem services benefits such as marsh accretion, nutrient concentration 
reduction and carbon accumulation (chapters 2 and 3). To our knowledge, no previous 
experimental studies in the Ebro Delta or other Mediterranean estuaries and deltas have 
assessed restoration initiatives regarding abiotic and biotic factors controlling metal water 
concentration reduction and soil metal accumulation. The objective of this experimental study 
was to assess metal water concentration reduction and soil metal accumulation in an 
oligohaline restored marsh receiving nutrient and sediment inputs from river irrigation and rice 
field drainage waters under different water levels. We conducted an experimental field study 
in a newly established restored marsh using two different freshwater input type treatments 
(riverine irrigation and rice field drainage water) and three water levels (10, 20 and 30 cm).  
 
Methods 
 
Experimental design 
 
The field experiment was carried out in a newly established restored marsh of an 
abandoned organic rice field located in the Ebro Delta, located in the Northeastern 
Mediterranean coast of Spain (Figure 2.1). The field experiment was established between an 
active organic rice field and a previously restored marsh dominated by Phragmites australis 
(Cav.) and Typha spp. (Figure 2.1). A partly nested experimental design using 72 
experimental marsh units (100 m2 each) was performed using water type and water level 
factors (Figure 2.2). Water type included 2 treatments: riverine irrigation water (IW) and rice 
field drainage water (DW) applied to 36 experimental marsh units for each treatment. The 
water level factor included 3 water level treatments of 10, 20, and 30 cm. Water levels were 
applied in experimental marsh units inside each water type using a complete randomized 
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block design with three blocks. A block design was applied to account for the potential plant 
colonization from the adjacent organic rice field land that may affect response variables 
(Figure 2.2). Metal water content data from the river irrigation and rice field drainage water 
inputs to the experimental marshes were also used to assess the metal concentration 
reduction associated to the rice fields within the drainage area where the farm is located. 
Freshwater from both IW and DW favored the development of a helophytic marsh dominated 
by Scirpus maritimus L. although the fast growing ruderal plant P. distichum L. also colonized 
the restored marsh from adjacent rice fields (Calvo-Cubero et al. 2013). The seasonal 
flooding of the experiment coincided with the rice cultivation flooding (from May to December). 
The overall experiment was initiated in August 2009 and ran for 3 years (see chapter 2 for a 
detailed account of experimental design). The study of changes in metal concentration was 
performed in June 2010. The study of metal soil accumulation was performed from August 
2009 to May 2011. (See chapter 2 for a detailed account of experimental design). 
 
Water and soil metal content and accumulation analysis 
 
To analyze metal water concentration reduction among treatments, 3 water inflow 
samples were collected in June 2010 from each water type and a water outflow sample from 
each EU (n=72). Metal water sample collection, treatment and analysis was performed 
following US-EPA 1994. Water samples were collected and stored in 500 ml polyethylene 
bottles pre-cleaned with deionized water and rinsed with the sample collected from different 
sites. The water samples were filtered through 0.45µm millipore filters and acidified to pH <2 
using concentrated nitric acid and then stored in the dark at 4ºC. The concentrations of metals 
(As, Cu, Mn, Pb and Zn) were measured by inductively coupled plasma-mass spectrometry 
(ICP-MS). Superficial soil core samples (5 cm) were collected in May 2011 within a 36 
experimental marsh units subset to analyze metal soil content and accumulation rates (As, 
Ba, Co, Cr, Cu, Hg, Ni, Pb, V and Zn) response among treatments. Metal soil content was 
analyzed following US-EPA 2007 procedure. Soil samples were air-dried at room temperature 
immediately after collection and sieved through a 2-mm nylon sieve to remove coarse debris. 
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For each sample, 30 g sub-sample of soils was ground using an agate mortar until all 
particles passed a 100-mesh nylon sieve. A 0.1 g sub-sample of dried and homogenized soil 
was weighed and digested with 2 ml HNO3, 1 ml HClO4 and 5 ml HF at a temperature of 90 ± 
10ºC for 16 h. The residue was then dissolved in 2 ml of 4 mol L-1 HCl and diluted to 10 ml 
with deionized water and analyzed for Cd, Cr, Cu, Ni, Pb, V and Zn by ICP-MS. Metal soil 
accumulation in the restored marsh was also calculated using metal soil content 
measurements with both bulk density and vertical accretion rates calculated in chapter 2. 
 
Statistical analysis 
 
Water metal concentration reduction in the experimental marshes and rice fields was 
calculated as a ratio between inflow and outflow concentrations (Kadlec and Wallace 2008): 
% Concentration metal reduction = 100 x ((Ci – Co)/Ci ) 
where Ci is the average of metal concentration of the water type inflow and Co is the metal 
concentration of the water outflow. A one-way analysis of variance (ANOVA) of fixed effects 
(Type III test) was performed on all of water inflow metal concentrations (As, Cu, Mn, Pb and 
Zn) to test for concentration differences between water type inflows. 
Pearson’s correlation analysis was performed to test the strength of linear 
relationship between metal water concentration reduction (% by concentration of As, Cu, Mn, 
Pb, V and Zn) versus surface and soil water parameters oxygen (T, pH, DO, ORP and 
conductivity) from data sampled in chapter 3 (Quinn and Keough 2002). A second Pearson’s 
correlation analysis was also performed to test the strength of linear relationship between soil 
metal content (As, Ba, Co, Cr, Cu, Hg, Ni, Pb, V and Zn) with surface and soil water 
parameters oxygen (DO and OPR), soil properties (clay and organic matter content) and total 
MAB from data sampled in chapter 3 study. A third Pearson’s correlation analysis was also 
performed to test the strength of linear relationship between soil metal accumulation (As, Ba, 
Co, Cr, Cu, Hg, Ni, Pb, V and Zn) with surface and soil water parameters (DO and ORP), soil 
properties (clay and organic matter content) and total MAB.  
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A partly nested ANOVA of fixed effects (Type III test) was performed to test the 
response of mean surface and soil water parameters (temperature, pH, DO2, ORP and 
conductivity) that possibly affect metal concentration reduction and accumulation. A partly 
nested ANOVA was also used to test the response of metal water concentration reduction 
(As, Cu, Mn, Pb and Zn) and soil metal content and accumulation (As, Ba, Co, Cr, Cu, Hg, Ni, 
Pb and Zn) among water types and water levels (Quinn and Keough 2002). In addition, 
differences among blocks were analysed to test the effect of P. distichum colonization. In the 
presence of significant differences (α<0.05) on the ANOVA results among water levels and 
block effects, Tukey pairwise comparisons were performed within each water type treatment. 
All statistical analyses were performed using SPSS software version 20 (IBM 2010). 
 
Results 
 
Metal water inflow characteristics 
 
All metal elements in both water type inflows were higher than current mean values in 
the Lower Ebro River (Table 4.1). Only Cu water concentration in the IW inflow was higher 
than the prescribed Environmental Quality Standard (EQS) values from the Directive 
2008/105/EC for priority substances and the Spanish Law of Biodiversity (Decree 42/2007) 
(Table 4.1). A one-way ANOVA of water type inflows indicated that the IW inflow had 
significantly higher Cu concentration than the DW inflow and the DW inflow had significantly 
higher As, Mn and Pb concentration than the IW inflow (Table 4.1).  
Parameter (A) Water type inflows (B) Low Ebro River 
(C) EQS 
IW DW F and P values 
As (µg L-1) 3.05 ± 0.03 3.50 ± 0.09* F1,4=24.4, P<0.001 1.32 25 
Cu (µg L-1) 40.64 ± 4.34* 16.93 ± 2.38 F1,4=22.9, P<0.001 - 25 
Mn (µg L-1) 23.52 ± 4.31 76.03 ± 1.36* F1,4=134.7, P<0.001 7.65 - 
Pb (µg L-1) 0.89 ± 0.23 2.06 ± 0.44* F1,4=9.5, P=0.045 0.75 7.2 
Zn (µg L-1) 8.07 ± 0.52 9.22 ± 0.64 F1,4=1.8, P=0.241 0.71 60 
Table 4.1. (A) Mean and standard error of metal concentrations in both water type inflows. An asterisk indicates a 
significant difference (α=0.05) on repeated measures ANOVA results between water type inflows for metal 
concentrations (As, Cu, Mn, Pb and Zn). (B) Mean values 2007-2010 of metals in water in the Low Ebro River 
(Catalonian Water Agency 2013). (C) Environmental Quality Standard (EQS) from the Directive 2008/105/EC for 
priority substances (Hg and Pb) and the Spanish Law of Biodiversity (Decree 42/2007) for As, Cu and Zn). 
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Correlations between response variables with abiotic and biotic variables  
 
Pearson’s correlation results of metal water concentration reduction indicated a main 
significant relationship of metal water concentration reduction with surface and soil water 
ORP. Cu concentration reduction was significantly and positively related with both surface and 
soil water ORP (Table 4.2). Mn, Pb and Zn concentration reduction were negatively related 
with both surface and soil water ORP although they only were significant in the first case 
(table 4.2).  
Metal 
concentration 
reduction (%) 
Surface 
T 
Surface 
pH 
Surface 
DO 
Surface 
ORP 
Surface 
COND 
Soil  
T  
Soil 
pH 
Soil 
DO 
Soil 
ORP 
Soil 
COND 
As  -0.34 -0.23 -0.10 -0.09 -0.37 -0.02 0.09 0.03 0.02 0.17 
Cu 0.16 -0.06 0.10 0.46 -0.37 -0.01 -0.29 -0.18 0.64 0.21 
Mn -0.28 0.20 -0.07 -0.40 0.25 -0.04 0.13 -0.13 -0.39 0.04 
Pb -0.38 0.10 -0.23 -0.42 -0.07 -0.25 0.40 0.29 -0.22 0.02 
Zn -0.40 -0.12 -0.30 -0.28 -0.06 -0.14 0.40 -0.03 -0.08 0.07 
Table 4.2. Pearson’s correlation of metal water concentration reduction (As, Cu, Mn, Pb and Zn) by % concentration 
with surface and soil water variables; T (ºC), pH, DO (mg L-1), OPR (mV) and Conductivity (mS cm-1) and 2010 total 
maximum aboveground biomass (total MAB, g m-2). Bold numbers indicate significant correlation (P value<0.05). 
 
Pearson’s correlation results of metal soil content showed a main significant 
relationship with soil ORP but also with surface conductivity, total MAB and soil OM. Metal soil 
content excluding As, Hg and Pb were significantly and positively related with soil water ORP 
(Table 4.3A). All metal soil content was significantly and negatively related with surface water 
conductivity (Table 4.3A). All metal soil contents were positively related with total MAB 
although only Co, Cr, Cu, Ni, V, Zn and total metals were significant. Barium, Chromium and 
total metal content were also significantly and positively related with soil OM. Pearson’s 
correlation results of metal soil accumulation showed a significant relationship with total MAB, 
but also with soil OM and DO. All metal soil accumulations were significantly and negatively 
related with total MAB (Table 4.3B) with the exception of Hg. Barium and total soil 
accumulation were also significantly and negatively related with soil OM (Table 4.3B). All 
metal soil accumulations were positively related with soil DO with only Cr, Cu and Ni 
accumulation being significantly correlated. 
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 A. Metal soil content (mg kg-1) 
Metal Surface T 
Surface 
pH 
Surface 
DO 
Surface 
ORP 
Surface 
COND 
Soil  
T 
Soil 
pH 
Soil 
DO 
Soil 
ORP 
Soil 
COND 
Soil 
Clay 
Soil 
OM 
Total 
MAB 
As  0.01 -0.03 -0.26 0.11 -0.65 0.10 -0.18 0.18 0.30 -0.17 0.25 0.21 0.25 
Ba  -0.08 0.15 -0.23 -0.06 -0.48 -0.03 0.16 0.17 0.38 0.02 0.06 0.51 0.20 
Co  0.04 0.11 0.08 0.16 -0.80 0.33 0.07 0.21 0.42 -0.29 0.18 -0.01 0.56 
Cr  0.01 0.14 -0.12 0.05 -0.63 0.16 0.08 0.30 0.46 -0.10 0.03 0.31 0.41 
Cu  0.10 -0.07 -0.01 0.26 -0.64 0.46 -0.05 0.37 0.50 -0.24 0.15 -0.09 0.73 
Hg  -0.11 -0.08 -0.18 0.04 -0.29 0.01 0.02 0.18 -0.08 -0.21 0.09 -0.10 0.19 
Ni  -0.06 0.07 -0.14 0.12 -0.72 0.17 -0.04 0.32 0.45 -0.23 0.21 0.15 0.54 
Pb  -0.16 0.21 -0.19 -0.09 -0.55 -0.11 0.25 0.03 0.32 -0.09 0.30 0.22 0.11 
V  0.05 0.12 -0.04 -0.03 -0.54 0.22 0.09 0.24 0.44 -0.04 -0.04 0.33 0.39 
Zn  -0.05 0.12 -0.10 0.05 -0.62 0.13 0.14 0.20 0.44 -0.12 0.20 0.23 0.45 
Total -0.04 0.13 -0.17 0.02 -0.61 0.10 0.12 0.23 0.45 -0.07 0.12 0.38 0.39 
B. Metal soil accumulation (g m-2 yr-1) 
Metal Surface T 
Surface 
pH 
Surface 
DO 
Surface 
ORP 
Surface 
COND 
Soil  
T 
Soil 
pH 
Soil 
DO 
Soil 
ORP 
Soil 
COND 
Soil 
Clay 
Soil 
OM 
Total 
MAB 
As  -0.21 0.20 0.03 0.22 0.51 0.30 -0.10 0.24 -0.05 -0.02 0.01 -0.17 -0.38 
Ba  -0.31 0.28 -0.02 0.15 0.48 0.16 0.05 0.29 0.05 0.08 -0.06 -0.31 -0.40 
Co  -0.25 0.28 0.11 0.24 0.56 0.33 0.01 0.33 0.05 -0.04 -0.08 -0.09 -0.53 
Cr  -0.25 0.28 0.04 0.21 0.53 0.27 0.01 0.36 0.09 0.02 -0.10 -0.20 -0.50 
Cu  -0.18 0.18 0.07 0.30 0.56 0.41 -0.05 0.41 0.16 -0.04 -0.05 -0.05 -0.64 
Hg  -0.22 0.07 -0.16 0.12 0.41 0.10 0.06 0.20 -0.13 -0.20 0.09 -0.09 -0.28 
Ni  -0.28 0.26 0.04 0.23 0.52 0.27 -0.03 0.36 0.05 -0.01 -0.06 -0.14 -0.51 
Pb  -0.31 0.32 0.00 0.14 0.50 0.14 0.10 0.22 0.05 0.03 0.01 -0.17 -0.36 
V  -0.24 0.28 0.07 0.17 0.54 0.30 0.02 0.34 0.11 0.05 -0.11 -0.24 -0.52 
Zn  -0.28 0.28 0.06 0.21 0.51 0.27 0.03 0.31 0.06 0.02 -0.05 -0.16 -0.50 
Total -0.28 0.28 0.02 0.19 0.52 0.24 0.02 0.32 0.07 0.04 -0.06 -0.22 -0.48 
Table 4.3. Pearson’s correlation of metal soil content (mg kg-1) and accumulation rates (g m-2yr-1) with surface and 
soil water variables; T (ºC), pH, DO (mg L-1) OPR (mV) and Conductivity (mS cm-1), soil properties; clay (%) and 
organic matter content (%) and 2010 total maximum aboveground biomass (total MAB, g m-2). Bold numbers indicate 
significant effects (P value<0.05). 
 
Water metal concentration reduction response among treatments 
 
The partly nested ANOVA of metal water concentration reduction showed significant 
differences between water type treatments in most metals (Cu, Mn, Pb and Zn) but not for As, 
similarly to water metal concentration differences between water type inflows. Cu 
concentration reduction was significantly higher in the IW treatment (Figure 4.1 and table 4.4). 
Mn, Pb and Zn concentration reduction were significantly higher in the DW treatment (Figure 
4.1 and table 4.4). A negative reduction indicates a net export of Mn and Zn in the IW 
treatment and also of Cu in the DW treatment. There were no significant differences of metal 
water concentration reduction among water levels but As and Cu showed significant 
differences among blocks (table 4.4). In IW treatment As and Cu concentration reduction were 
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significantly higher in block 3 closer to the rice field for pairwise comparisons (tables 4.4 and 
4.5). In the DW treatment, Cu also increased significantly in block 3 but As Hg decreased 
significantly (tables 4.4 and 4.5). 
A. Metal water concentration 
reduction (%) 
Among water types Among water levels Among block effects 
F df P F df P F df P 
As 0.02 1.59 0.87 0.52 2.59 0.60 8.14 4.59 <0.01 
Cu 277.39 1.61 <0.01 1.76 2.61 0.18 12.09 4.61 <0.01 
Mn 20.99 1.61 <0.01 0.88 2.61 0.42 4.61 4.61 0.56 
Pb 8.98 1.57 <0.01 0.47 2.57 0.62 1.32 4.57 0.27 
Zn 7.78 1.51 <0.01 1.55 2.51 0.22 1.22 4.51 0.31 
B. Metal soil content 
(mg Kg-1) 
Among water types Among water levels Among block effects 
F df P F df P F df P 
As  0.31 1.25 0.58 0.28 2.25 0.76 1.67 4.25 0.19 
Ba 0.48 1.27 0.49 0.71 2.27 0.50 0.41 4.27 0.80 
Co 7.7 1.27 0.01 1.52 2.27 0.24 1.59 4.27 0.21 
Cr 4.00 1.27 0.05 0.11 2.27 0.89 0.65 4.27 0.63 
Cu 23.03 1.27 <0.01 1.51 2.27 0.24 0.96 4.27 0.44 
Hg 0.67 1.27 0.42 0.77 2.27 0.77 0.89 4.27 0.48 
Ni 8.31 1.27 <0.01 0.93 2.27 0.41 1.52 4.27 0.45 
Pb 0.26 1.27 0.62 0.14 2.27 0.14 0.12 4.27 0.12 
V 3.85 1.27 0.05 0.03 2.27 0.97 0.42 4.27 0.79 
Zn 5.18 1.27 0.03 0.53 2.27 0.60 1.24 4.27 0.32 
C. Metal soil accumulation 
(g m-2 yr-1) 
Among water types Among water levels Among block effects 
F df P F df P F df P 
As  5.08 1.24 0.03 0.63 2.24 0.54 1.16 4.24 0.35 
Ba 7.23 1.26 0.01 1.17 2.26 0.32 0.84 4.26 0.51 
Co 15.23 1.26 <0.01 1.27 2.26 0.44 0.97 4.26 0.44 
Cr 13.00 1.26 <0.01 0.95 2.26 0.40 0.71 4.26 0.59 
Cu 24.58 1.26 <0.01 0.75 2.2 0.48 0.79 4.26 0.54 
Hg 2.02 1.27 0.17 0.02 2.27 0.98 0.39 4.27 0.81 
Ni 14.11 1.26 <0.01 1.34 2.26 0.28 0.94 4.26 0.45 
Pb 7.42 1.26 0.01 2.19 2.26 0.13 0.89 4.26 0.48 
V 13.73 1.26 <0.01 0.6 2.26 0.56 1.05 4.26 0.40 
Zn 13.73 1.26 <0.01 1.23 2.26 0.31 0.93 4.26 0.46 
Table 4.4. Partly nested ANOVA results (F. df and P-values) of soil water parameters, metal water concentration 
reduction (%). metal soil content (mg Kg-1) and accumulation (g m-2 yr-1) among water types. water levels and block 
effects. Bold numbers indicate significant effects. 
 
 
 
 
 
 
Figure 4.1. Partly Nested ANOVA results of mean (± 
SE) metal water concentration reduction (%) among 
water types. An asterisk indicates significant 
differences (α=0.05) between water types.  
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Metal water 
concentration reduction 
(%) 
WATER LEVELS WITHIN WATER TYPES BLOCKS WITHIN WATER TYPES 
IW DW IW DW 
10 cm 20 cm 30 cm 10 cm 20 cm 30 cm B 1 B 2 B 3 B 1 B 2 B 3 
As Mean -26.88 -24.82 -30.30 -28.14 -28.56 -38.80 -50.94a -33.97a -3.29b -10.23a -42.37a -45.79b 
S.E. 8.32 10.02 13.74 4.14 8.42 9.57 10.22 9.41 6.79 2.88 8.10 6.66 
Cu Mean 86.27 84.49 85.81 75.03 74.12 74.92 85.18a 83.53a 87.85b 72.12a 73.53a 78.45b 
S.E. 0.65 0.90 0.84 1.31 1.72 0.87 0.77 0.56 0.56 0.96 0.75 1.17 
Hg Mean -113.49 -100.50 -118.09 -51.41 -52.87 -47.21 -130.35a -123.26a -78.47b -42.20a -41.80a -67.49b 
S.E. 8.84 10.95 11.19 6.53 7.71 7.48 9.23 4.71 9.34 4.55 7.88 6.22 
Mn Mean -9.27 19.97 -26.72 44.62 41.58 55.94 1.25 -7.41 -9.87 64.28 33.47 43.39 
S.E. 13.34 8.82 8.43 16.65 18.88 13.19 14.33 13.24 6.41 14.93 16.91 15.39 
Pb Mean 18.02 20.18 23.86 37.01 51.80 42.85 8.32 27.11 31.22 43.79 36.66 52.49 
S.E. 9.14 11.89 10.44 8.72 6.54 7.99 10.46 8.53 10.44 7.17 8.74 7.02 
Zn Mean -31.09 14.44 4.67 22.94 16.64 31.54 -25.21 4.74 7.63 27.27 29.22 15.00 
S.E. 18.69 15.99 9.11 7.64 10.17 5.68 17.69 12.19 20.88 7.60 3.87 10.99 
Table 4.5. Mean and standard error of metal water concentration reduction (%) in the restored marsh as a function of 
water levels and blocks. For the significant main effects of the ANOVA results among water levels and blocks, a 
Tukey pairwise test was applied within each water type treatment and significant pairwise differences (α=0.05) were 
denoted by different letters. Bold numbers indicate significant effects. 
 
Soil metal content and accumulation response among treatments 
 
The partly nested ANOVA results of metal soil content showed significant differences 
between water types. Barium, Co, Cr, Cu, Ni, Pb, V and Zn were significantly higher in the IW 
treatment (table 4.4 and 4.6). There were not significant differences of metal soil content 
among water levels and blocks (table 4.4 and table 4.7), although in the IW treatment all 
metal soil contents decreased in block 3 as it is closer to the rice field. The partly nested 
ANOVA results of metal soil accumulation also showed significant differences between water 
types. Arsenic, Ba, Cr, Cu, Ni, Pb, V and Zn were significantly higher in the DW treatment 
(Figure 4.2 and table 4.4). There were not significant differences of soil metal accumulation 
among water levels and blocks (tables 4.4 and 4.8). 
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Metal 
(mg kg-1) 
 
(A) Water types 
treatments 
(B) Environmental 
Quality Standards 
(C) Treatment 
wetlands 
meta-analysis 
 IW DW Background TEL SEL 
As 11.0 ± 0.5 10.7 ± 0.5 1.1 5.9 33 3-14.6 
Ba 108.2 ±5.2 103.3 ± 5.4 0.7 - - - 
Co 7.5 ± 0.2* 6.9 ± 0.1 10 - - - 
Cr 28.7 ± 1.1* 25.7 ± 0.9 7-13 37.3 110 12-165 
Cu 27.9 ± 1.1* 22.1 ± 0.6 10-25 35.7 110 18.6 - 56 
Hg 0.07 ± 0.01 0.06 ± 0.01 0.004-0.05 0.17 2 0.2 -1 
Ni 20.6 ± 0.6* 18.7 ± 0.4 9.9 18 75 16.4-49 
Pb 18.8 ± 0.7* 18.4 ± 0.8 4-17 35  1-840 
V 32.6 ± 1.8* 28.3 ± 1.2 50 - - - 
Zn 61.6 ± 1.9* 56.2 ± 1.5 7-38 123 820 10-196 
Table 4.6. (A) Partly Nested ANOVA results of mean (± SE) metal soil content (mg Kg-1) among water types. An 
asterisk indicates significant differences (α=0.05) between water types. (B) Metal content in sediments from 
Screening quick reference tables (SQRT) by NOAA (NOAA. 1999): background values represents reference 
conditions, threshold effect level (TEL) represents the concentration below which adverse effects are expected to 
occur only rarely and severe effect level (SEL) represents sediments are heavily polluted and adverse effects on 
majority of sediment organisms are expected when this concentration is exceeded. (C) Metal content in sediments 
from treatment wetlands meta-analysis by Kadlec and Wallace 2008 for urban and agricultural wastewaters. 
 
Metal soil 
content  
(mg Kg-1) 
WATER LEVELS WITHIN WATER TYPES BLOCKS WITHIN WATER TYPES 
IW DW IW DW 
10 cm 20 cm 30 cm 10 cm 20 cm 30 cm B 1 B 2 B 3 B 1 B 2 B 3 
As Mean 10.53 12.06 10.50 11.80 9.78 10.50 11.60 11.68 9.93 11.88 9.75 10.57 
S.E. 1.04 0.78 0.31 1.09 0.35 0.29 0.24 0.87 0.96 1.28 0.35 0.47 
Ba Mean 110.50 114.00 98.40 106.33 104.14 98.40 107.50 115.40 102.83 100.67 99.00 110.17 
S.E. 12.97 5.03 6.25 10.15 9.33 9.63 6.02 8.61 11.97 12.45 9.60 5.54 
Co Mean 7.30 7.58 7.78 6.57 6.87 7.2 7.98 7.62 7.03 7.05 6.58 6.95 
S.E. 0.61 0.28 0.21 0.22 0.21 0.08 0.15 0.15 0.61 0.27 0.21 0.11 
Cr Mean 28.33 29.00 28.80 25.17 26.00 25.80 29.50 29.20 27.50 25.17 24.17 27.67 
S.E. 2.98 1.12 1.65 1.27 1.61 2.17 0.81 1.42 3.10 1.99 1.70 0.61 
Cu Mean 27.67 26.83 29.4 20.67 21.86 24.20 29.50 27.60 26.50 23.00 20.33 23.00 
S.E. 2.33 1.66 1.63 0.98 0.59 1.28 1.76 0.60 2.51 1.21 0.76 0.86 
Hg Mean 0.07 0.07 0.08 0.07 0.04 0.37 0.10 0.06 0.05 0.05 0.05 0.07 
S.E. 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
Ni Mean 19.83 21.17 21.00 18.33 18.43 19.60 21.83 21.00 19.17 19.33 17.33 19.50 
S.E. 1.49 0.75 0.55 0.84 0.72 0.79 0.40 0.63 1.42 0.92 0.62 0.42 
Pb Mean 17.17 20.00 19.40 17.50 19.00 18.80 19.67 19.80 17.17 18.83 16.50 20.00 
S.E. 1.49 0.93 0.51 0.99 1.70 1.32 0.61 0.86 1.56 1.25 0.72 1.77 
V Mean 33.67 32.33 31.60 27.00 29.00 29.00 32.50 34.20 31.33 28.83 26.00 30.17 
S.E. 4.37 1.71 0.84 2.05 2.53 1.90 1.43 3.24 4.33 2.21 2.85 1.11 
Zn Mean 60.17 62.33 62.60 54.33 56.71 57.80 64.33 63.00 57.83 56.83 52.83 59.00 
S.E. 4.64 2.74 1.74 2.25 2.70 3.40 1.11 1.52 5.04 3.07 2.44 2.21 
Table 4.7. Mean and standard error of metal soil content (mg Kg-1) in the restored marsh as a function of water levels 
and blocks.  
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Figure 4.2. Partly Nested ANOVA results of mean (± SE) metal soil accumulation rate (g m-2yr-1) among water types. 
An asterisk indicates significant differences (α=0.05) between water types. 
 
Metal soil 
accumulation 
(g m-2yr-1) 
WATER LEVELS WITHIN WATER TYPES BLOCKS WITHIN WATER TYPES 
IW DW IW DW 
10 cm 20 cm 30 cm 10 cm 20 cm 30 cm B 1 B 2 B 3 B 1 B 2 B 3 
As Mean 28.68 36.64 31.72 25.98 26.26 16.94 27.71 38.92 30.12 29.02 23.96 19.37 
S.E. 5.04 3.18 2.22 6.22 4.69 2.88 1.02 2.96 4.79 6.90 5.82 3.10 
Ba Mean 299.43 346.32 299.92 236.81 262.86 162.29 269.75 383.81 306.09 242.80 223.39 205.95 
S.E. 51.17 12.73 33.32 59.89 52.59 23.05 18.91 26.54 41.96 59.32 61.44 38.80 
Co Mean 19.75 23.20 23.52 14.16 17.76 12.34 20.08 25.45 21.25 16.31 15.41 13.05 
S.E. 2.96 1.34 1.63 2.41 2.67 1.93 1.06 0.88 3.09 2.01 3.39 2.33 
Cr Mean 76.79 88.54 87.23 54.59 66.78 43.16 74.09 97.42 82.73 59.17 55.92 51.57 
S.E. 12.48 4.72 8.19 10.30 11.89 7.01 3.94 5.21 12.46 10.01 14.84 8.84 
Cu Mean 74.54 82.24 88.98 44.74 56.87 40.82 74.16 92.27 79.88 53.16 47.89 42.56 
S.E. 10.73 6.78 7.34 8.27 8.74 5.87 5.66 3.93 11.96 6.78 11.35 7.16 
Hg Mean 0.17 0.19 0.24 0.14 0.13 0.09 0.25 0.20 0.14 0.11 0.14 0.13 
S.E. 0.06 0.06 0.06 0.06 0.07 0.04 0.01 0.08 0.07 0.06 0.07 0.05 
Ni Mean 53.46 64.73 63.39 39.95 48.53 33.23 54.83 69.99 57.86 45.29 41.46 36.33 
S.E. 7.65 3.60 4.07 7.70 7.82 5.09 2.52 2.01 8.09 6.83 9.94 6.21 
Pb Mean 46.38 60.84 58.79 38.36 50.65 31.65 49.30 65.92 51.98 44.31 39.22 38.38 
S.E. 7.05 2.83 4.60 7.85 9.22 5.12 2.32 2.21 7.68 7.23 9.52 9.05 
V Mean 91.75 98.26 95.46 58.64 72.48 48.69 81.02 114.08 93.46 67.53 57.79 56.00 
S.E. 17.19 4.92 11.60 12.19 13.23 7.50 2.38 11.24 14.94 11.28 16.32 9.69 
Zn Mean 162.15 190.23 189.10 118.54 147.12 97.28 161.42 210.11 173.45 133.42 123.39 110.47 
S.E. 23.18 10.68 13.63 22.65 23.74 14.79 6.84 5.77 23.99 20.61 29.21 20.17 
Table 4.8. Mean and standard error of metal soil accumulation rate (g m-2yr-1) in the restored marsh as a function of 
water levels and blocks.  
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Discussion 
 
The creation and restoration of marshes in coastal areas are an ecological alternative 
to deal with coastal flooding risk due to their ability to accumulate sediments and deal with 
sea level rise (Gedan et al. 2011; Temmerman et al. 2013). Initial stages of marsh 
development are usually controlled by mineral sedimentation (Brinson et al. 1995; Morris et 
al. 2002), which in turn also favor metal water concentration reduction via soil accumulation 
(Windom et al. 1991; Audry et al. 2007; Teuchies et al. 2013). High marsh accretion rates 
enhanced metal accumulation, which in aerobic topsoils generally concentrate mostly through 
adsorption with organic matter and co-precipitation with iron, and manganese oxy-hydroxides 
(Benjamin and Leckie 1981; Machemer and Wildeman 1992; Bradl 2004). In our study, the 
newly established oligohaline restored marsh when receiving higher metal concentrations 
from rice field drainage water than river irrigation waters removed metals from water via soil 
accumulation. Higher soil metal content was associated with organic soils and oxic conditions 
favored by higher plant growth. Higher sediment concentration inputs from rice field drainage 
waters enhanced soil metal accumulation. 
Metal water concentrations from both water types had generally low contents when 
compared to environmental quality standards (EQS) from the Directive 2008/105/EC for 
priority substances and the Spanish Law of Biodiversity (Decree 42/2007). However, Cu in 
the irrigation waters was higher than EQS values. Our results point out that metal 
concentration reduction was mostly dependent on metal inflow concentrations, similar to other 
review studies (Williams et al. 1994; Kadlec and Wallace 2008; Zhang et al. 2012). Metal 
concentration reduction were similar to freshwater treatment wetlands according to a 
meta-analysis performed by Kadlec and Wallace (2008): As (29%), Cu (66 %), Hg (50 %), Mn 
(54 %), Pb (62 %) and Zn (68 %). Thus, significantly higher Mn, Pb and Zn concentration from 
rice field drainage waters than river irrigation waters caused efficient concentration reduction 
(47.4 ± 9.2 %, 44.1 ± 4.4 % and 23.7 ± 4.6 % respectively) by the restored marsh. Higher Cu 
concentration inputs from irrigation water also caused significantly Cu concentration reduction 
percentage (85.4 ± 0.5 %). Negative concentration reduction in As in both water treatments 
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may be caused by the remobilization from previously stored metals in the pre-restored rice 
field soils. Our results also suggest that metal water concentration reduction may be positively 
correlated with the weed P. distichum, which colonized rapidly and densely the restored 
marsh from the adjacent rice field. In the IW treatment where there was significantly higher 
total MAB than in the DW treatment, As, Cu and Hg concentration reduction increased 
significantly in block 3 (closer to the rice field) similarly to the significant increase of P. 
distichum. We hypothesize that this weed plant can work as potential phytoremediator of 
metal water pollution due to it's ability to take up metals and tolerance to high metal 
concentrations, as other studies have suggested (e.g. (Shu et al. 2002; Paz-Alberto et al. 
2007; Bhattacharya et al. 2010). 
 Our results point out that the restored marsh had similar metal soil content than other 
treatment wetlands (Kadlec and Wallace 2008) and also had generally low metal soil content 
comparing with EQS for sediments developed by the National Oceanic and Atmospheric 
Administration (NOAA) (NOAA 2008) (Table 4.6). Very low values of Hg soil content in both 
water type treatments may be explained by releasing and export of Hg. Typically aerobic 
conditions of newly topsoils such as our experimental marshes may favor degradation of 
methyl mercury (MeHg) (Olson and Cooper 1974; Compeau and Bartha 1984; Ullrich et al. 
2001), which in turn may release Hg from deeper soils from the pre-restored rice fields. Other 
studies in the Ebro basin had measured Hg accumulation in agricultural topsoils (Rodríguez 
et al. 2008), rice fields may be potential hotspots of mercury accumulation due to periodic 
wetting and drying of agricultural fields for rice cultivation may increase MeHg production and 
its subsequent bioaccumulation, as recorded in other wetland habitats (Snodgrass et al. 2000; 
Ullrich et al. 2001; Ackerman and Eagles-Smith 2010).  
In addition, the restored marsh had high values of Ba in both water type treatments 
comparing with background values from (NOAA 2008). Restored marsh soils had similar Ba 
values than stream sediments affected by chronic Ba pollution due to barite mines in the Kupa 
and Kupica rivers (Croatia). These results are also supported by high Ba bioaccumulation in 
the Ebro Delta reported by Sánchez-Chardi and Jose López-Fuster (2009). However, more 
studies are necessary to identify possible sources of Ba pollution and potential 
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bioaccumulation in the Ebro Delta. Our results suggest that metal soil content in the restored 
marsh was mainly positively correlated with plant growth via soil oxygenation and organic 
matter accumulation. Soil metal content increased significantly in the irrigation treatment 
characterized by significantly higher total MAB (Figure 3.2), soil ORP (Table 3.1) and soil OM 
(Figure 2.5). Plants may oxygenate their rhizosphere as other studies suggest (Armstrong 
1979; Cronk and Siobhan Fennessy 2001; Song et al. 2013), which in turn favors metal 
adsorption with organic matter (Machemer and Wildeman 1992; Ho and McKay 1999; Lesage 
et al. 2007) and co-precipitation with Fe and Mn oxides (Feely et al. 1983; Sheoran and 
Sheoran 2006; Grybos et al. 2007). Significant higher total MAB sampled in summer 2010 in 
the river irrigation water treatment also correspond with higher total MBB at the end of the 
experiment (Figure 2.4). These results are also supported by the significant positive 
correlation of most of metal contents with total MAB and soil ORP. Total metal content was 
also significantly positive correlated with total MAB, soil OM and soil ORP. Interestingly, all soil 
metal contents were significantly and negatively correlated with surface water conductivity. 
Higher salinity conditions in surface waters may favor metal soil mobilization via desorption 
processes as other studies also indicate (Paalman et al. 1994; Hatje et al. 2003; Du Laing et 
al. 2007).  
Higher sediment concentrations from rice field drainage waters promoted higher vertical 
accretion rates (chapter 2) which in turn enhanced metal soil accumulation in the newly 
established restored marsh. Metal soil accumulation was also favoured by fast accretion rates 
that characterize initial stages of marsh succession (Craft and Richardson 1993b; Brinson et 
al. 1995; Mitsch and Gosselink 2007). In the long term, the stabilization of accretion rates 
along marsh development will reduce restored marsh ability to accumulate metals. Lower total 
MAB and soil organic matter in experimental marsh units receiving rice drainage waters may 
cause the significant and negative correlation of metal soil accumulation with both variables. 
No significant effects of water levels in both metal soil content and accumulation suggest that 
water depth played a minor role controlling these processes, at least under water level range 
of the experimental manipulation. A possible explanation is that water turnover in the restored 
marsh was large enough to favor metal deposition and accumulation even under lower water 
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level conditions (10 cm). These findings suggest Mediterranean oligohaline restored marshes 
removed metals from both river irrigation and rice field drainage waters and accumulated on 
the marsh soils. The use of agriculture runoff as a primary source of sediment is also 
beneficial for marsh restoration projects focused on metal soil accumulation, since higher 
sediment concentrations enhanced soil marsh accretion processes and metal burial. Overall 
low metal soil content in the restored marsh indicated that the filter function of the restored 
marsh does not result in toxicity and adverse effects on the biota living in the restored marsh. 
Using freshwater in marsh restoration projects has the potential to favor soil metal 
concentration reduction and soil accumulation, since freshwater may enhance metal 
adsorption processes with organic matter and co-precipitation with Fe and Mn oxides in 
aerobic topsoils. Future research should focus on Hg release and export during initial stages 
of restored marshes from potentially polluted rice fields in the Ebro Delta. Ba pollution in rice 
fields and marshes and potential bioaccumulation should also be considered in future 
investigations in the Ebro Delta and other Mediterranean estuaries affected by intensive 
agriculture and industrial development.  
  
CHAPTER 5. GENERAL CONCLUSIONS 
 
Environmental factors controlling marsh ecosystem services 
 
Nutrient-sediment input effects on marsh elevation, C accumulation and pollutant 
concentration reduction 
 
This study shows that Mediterranean oligohaline restored marshes may mitigate 
sediment deficit and RSLR in the Ebro Delta due to fast rates of vertical accretion (11.5±0.8 
and 15.5±0.6 mm yr-1) and elevation change (9.1±1.4 and 8.8±2.8 mm yr-1) in both water type 
treatments, at least during the initial phase of marsh establishment. The restored marsh had 
higher overall mean values of vertical accretion and elevation change in both water type 
treatments than brackish natural marshes in the Ebro Delta and other brackish natural 
marshes located in Northwestern Mediterranean deltas such as the Po Delta and the Rhône 
Delta. Mineral contribution controlled vertical accretion and elevation change in the 
establishment of the oligohaline restored marsh even under sediment-deficit conditions from 
river waters. Higher mean vertical accretion rates than elevation change in both water type 
treatments suggests that the surface accretion processes via mineral sedimentation overall 
controlled marsh elevation and the subsidence occurring. Higher sediment concentrations 
from rice field drainage waters enhanced vertical accretion rates. Rice field drainage waters 
provide higher sediment concentrations to the restored marsh, which in turn promoted C 
accumulation. After two years since the establishment of the restored marsh, C accumulation 
rates in both water type treatments (99.44 and 126.10 g m-2 yr-1) showed similar values when 
compared to global estimates for freshwater marshes but half of salt marshes. Experimental 
marsh units receiving from both water type treatments also acted as N and P filters and at the 
same time contributed to Si buffering. The restored marsh was N and P filters when receiving 
generally higher nutrient concentrations from rice field drainage waters: TN (50.66 ± 3.85 %), 
N-NO3- (96.10 ± 0.35 %), N-NH4+ (80.76 ± 1.8 %), TP (49.96 ± 3.95 %) and P-PO43- (17.99 ± 
3.92 %). The restored marsh exported P suggesting that there were not P limited and P might 
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be only retained via soil accumulation when the restored marsh have higher accretion rates 
receiving higher sediment concentrations from rice field drainage waters.  
The restored marsh performed an overall metal water concentration reduction and 
soil content and accumulation rates in both water type treatments. The restored marsh 
performed significantly higher metal concentration reduction when receiving significant higher 
metal concentrations. Thus, significantly higher Mn, Pb and Zn from drainage waters caused 
concentration reduction (47.4 ± 9.2 %, 44.1 ± 4.4 % and 23.7 ± 4.6 % respectively) in the 
restored marsh. Higher Cu water concentrations inputs from irrigation water also increased 
significantly Cu concentration reduction percentage (85.4 ± 0.5 %). The restored marsh had 
similar metal soil content in both water type treatments than other treatment wetlands and 
also had generally low metal soil content comparing with EQS for sediments. Very low values 
of Hg soil content in both water type treatments support the hypothesis of release from 
previously stored metals in the pre-restored rice field soils. Rice fields may be potential 
hotspots of mercury accumulation due to periodic wetting and drying of agricultural fields 
increasing methyl mercury (MeHg) production and its subsequent soil accumulation. In 
addition, the restored marsh had high values of Ba in both water type treatments. Higher 
sediment concentrations from rice field drainage waters promoted higher vertical accretion 
rates which in turn enhanced metal soil accumulation in the newly established restored marsh. 
Metal soil accumulation was also favoured by fast accretion rates that characterize initial 
stages of marsh succession. No significant effects of water levels in both metal soil content 
and accumulation suggest that water depth played a minor role controlling these processes. 
 
Plant growth effects on marsh elevation, C accumulation and pollutant concentration 
reduction 
 
Sub-soil expansion via root growth favoured a positive elevation gain, especially 
when the weed P. distichum colonized rapidly and densely the restored marsh. Root growth 
could not affect vertical accretion rates because most of root growth may have occurred 
below the marker horizons and may only affect elevation change. However, higher nutrient 
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concentrations from rice field drainage waters may also inhibit root growth subsequently 
reducing root contribution to elevation gain and C accumulation. Both TOC content and 
accumulation also increased significantly in the DW treatment despite there were lower total 
MAB and MBB. Rice field drainage waters may reduce plant biomass, at least during initial 
marsh development, because potential herbicide input may reduce plant germination and 
growth of native plant species (e.g. Scirpus spp.). Plant growth also affected significantly 
nutrient concentration reduction in different ways depending on nutrient form. Lower N-NO3 
concentration reduction could be influenced by higher plant growth in the IW treatment, which 
may reduce denitrification due to the plant ability to oxygenate their rhizosphere leading to 
significantly higher redox potential. There was an increase in Si-SiO2 concentration reduction 
in the IW treatment characterized by higher MAB of S. maritimus. This result is also supported 
by the significantly higher Si-SiO2 concentration reduction in blocks far from the rice field, 
where S. maritimus MAB was also higher. These results are consistent with the high Si 
requirements of Scirpus spp. for structural support.  
P. distichum may also enhance metal water concentration reduction. The main 
evidence was that As, Cu and Hg concentration reduction increased significantly in block 3 
(closer to the rice field) similarly to the significant increase of P. distichum. Metal soil content 
in the restored marsh was mainly controlled by plant growth via soil oxygenation and organic 
matter contribution. Soil metal content increased significantly in the irrigation treatment 
characterized by significantly higher total MAB, soil ORP and soil OM. Plants may oxygenate 
their rhizosphere, which in turn favored metal adsorption with organic matter and 
co-precipitation with Fe and Mn oxides. Interestingly, all soil metal contents were significantly 
and negatively correlated with surface water conductivity. Higher salinity conditions in surface 
waters may favor metal soil mobilization via desorption processes. 
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Water level effects on marsh elevation, C accumulation and pollutant concentration 
reduction 
 
Water level played a minor role controlling marsh elevation, C accumulation and 
pollutant concentration reduction, at least under the water level range of the experimental 
manipulation. Higher water levels promoted C accumulation in DW treatment, likely due to 
longer residence time for sedimentation, although differences were not statistically significant. 
However, higher water levels in the restored marsh significantly reduced root biomass. So, 
higher water levels may reduce marsh elevation and C accumulation via root reduction and 
compromise the ability of the restored marsh to deal with RSLR. Higher water levels favored 
P concentration reduction due to greater water levels provides higher residence time 
favouring P-PO43- sorption onto soil particles and sedimentation. Higher water level 
significantly enhanced P-PO43- reduction (or decreased export) in both water type treatments. 
As well, Si-SiO2 concentration reduction significantly increased in higher water levels in both 
water type treatments despite S. maritimus MAB did not increase similarly. Higher Si-SiO2- 
reduction in higher water levels may indicate that longer residence time favored diatom 
uptake of dissolved Si from marsh waters and transformation it into biogenic Si with 
subsequent export to coastal waters. 
 
Management implications and future research directions 
 
This research supports the use of rice field drainage waters as a primary source of 
nutrient and sediment for marsh restoration project focused on marsh elevation, C 
accumulation and pollutant concentration reduction, since higher suspended sediments 
favour marsh elevation and C, nutrient and metal soil accumulation. Overall low metal soil 
content in the restored marsh indicated that the filter function of the restored marsh does not 
result in toxicity and adverse effects on the biota living in the restored marsh. However, 
potential Hg release should be considered to monitor and manage during the first years of 
marsh restoration from rice fields. Using freshwater from both river and rice field sources in 
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marsh restoration projects located in sediment-deficient deltas and estuaries has the potential 
to be a valuable option for the main restoration goals seeking to mitigate RSLR and C 
sequestration, since freshwater may enhance organic matter contribution. Freshwater may 
also enhance metal soil accumulation favoring adsorption processes with organic matter and 
co-precipitation with Fe and Mn oxides in aerobic topsoils. Plant management is a relevant 
factor to consider in future restoration initiatives. Nuisance species such as P. distichum can 
play a key role to promote marsh elevation when inexpensive and effective measures are 
needed to promote marsh elevation as the primary restoration goal. P. distichum can also 
work as potential phytoremediators of metal water pollution due to plant uptake ability and 
metal tolerance. This research also highlighted that oligohaline marsh plant communities (e.g. 
Scirpus spp.) also favour Si buffering via plant uptake from both river and rice field waters. 
Water level manipulation during marsh restoration management should be consider and 
marsh managers should avoid an excessive waterlogging which may reduce plant growth and 
subsequently limiting marsh elevation, C accumulation and pollutant concentration reduction 
abilities. 
Future research should assess restored marsh ability to deal with sediment deficit 
and RSLR in the long-term and quantify vertical accretion and elevation change rates when 
restored marsh elevation stabilizes in mature succession stages. A long-term research is also 
necessary to quantify nutrient and pesticides concentrations effects on root growth and 
potential implications in marsh elevation and C sequestration. Future research in 
Mediterranean oligohaline restored marshes and rice fields should also consider methane 
emissions to provide a complete assessment of carbon sequestration services. More 
experimental and field studies are also necessary to investigate causes and solutions of Hg 
release and export during initial stages of restored marshes from potentially polluted rice 
fields. The origin and consequences of exceptionally high Ba soil content in the restored 
marsh should also be considered in future investigations in the Ebro Delta and other 
Mediterranean estuaries affected by intensive agriculture and industrial development. 
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APPENDIX A: SAMPLING DESIGN SCHEDULE OF THE ABIOTIC AND BIOTIC PARAMETERS 
 
Subsystem/process Parameters Methods Number of samples or 
experimental units (EUs) 
Frequency Dates 
Water Inflow water properties (T, 
pH, DO2 and conductivity) 
YSI 556 multiprobe  6 samples Monthly 2009: From Aug. to Dec. 
2010: From Jun. to Dec.  
2011: From Jun. to Dec. 
Inflow and outflow water 
nutrient content 
Grasshoff et al., 1999 6 samples (inflow) 
72 EUs (outflow) 
Monthly 2010: From Jun. to Dec.  
 
Inflow water TSS and TISS UNE-EN 872 norm 
(AENOR, 1996) 
6 samples Monthly 2010: From Jun. to Dec.  
2011: From Jun. to Dec. 
Surface and subsoil water 
properties (T, pH, DO2 and 
conductivity) 
YSI 556 multiprobe  26 EUs (replicates) Monthly 2009: From Aug. to Dec. 
2010: From Jun. to Dec.  
2011: From Jun. to Dec. 
Inflow and outflow metal 
water nutrient content 
US-EPA, 1994 6 samples (inflow) 
72 EUs (outflow) 
Once June 2010 
 
Soil Surface soil mineral content (Pont et al. 2002) 36 EUs (replicates) Once May 2011 
Surface soil bulk density (Page et al. 1982) 36 EUs (replicates) Once May 2011 
Surface soil particle size (ISO11277 2002) 36 EUs (replicates) Once May 2011 
Surface metal soil content US-EPA, 2007 36 EUs (replicates) Once May 2011 
Plant Maximum aboveground 
biomass 
Schubauer and 
Hopkinson 1984 
36 EUs (replicates) 
(3 subsamples for each) 
Once August 2010 and 2011 
Maximum belowground 
biomass 
Schurman and 
Goedewaagen 1971 
36 EUs (replicates) 
(2 subsamples for each) 
Once May 2012 
Marsh elevation Vertical accretion Cahoon and Turner 1989 36 EUs (replicates) 
(2 subsamples for each) 
Once Establish in August 2009 
Sampled in May 2012 
Elevation change Cahoon et al. 2002 26 EUs (replicates) Three months From August 2009 to May 
2012 
Appendix A. Sampling design schedule of the biotic and biotic parameter sampling. The experimental study was initiated in August 2009 until May 2012. The restored marsh was 
inundated during the seasonal flooding (from June to December) coincident with the regional rice harvest/planting regime. 
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APPENDIX B. STATISTICAL DESIGN 
Partly-nested design includes repeated measures and split-plot designs. Split-plot design has been used in this dissertation research. This split-plot 
design represents an extended randomized complete block (RCB) design (figure B.1) where a first factor A (water type) is applied to whole blocks, 
with replicate blocks for each two treatment of this factor (riverine irrigation water and rice field drainage water). A second factor C (water levels) is 
then applied to experimental units within each block B by a randomized complete block. Factors A, B and C are fixed and all term are tested MSResidual 
as the denominator (table B.1). 
 
 
 
 
 
 
 
 
 
Figure B.1. Partly nested design by a split-plot design with 2 treatments of factor A (water type), 3 treatments of factor B (blocks) nested within each treatment of factor A. Factor C (water 
level) is crossed with factors A and B(A) and 4 replicate observations within each combination of A, B(A) and C. 
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Table B.1. ANOVA table for party nested design showing degrees of freedom and F-ratios. 
 
Source df F-ratio 
Water type p-1 MSWT/MSRES 
Block(Water type) p(q-1)=2(3-1) MSB(WT)/MSRES 
Water level r-1 MSWL/MSRES 
Water type X Water level (p-1)(r-1) MSWTxWL/MSRES 
Block(W.Type) X W. level p(q-1)(r-1) MSB(WT)xWL/MSRES 
Residual pqr(n-1  
